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Summary 
Finding appropriate food sources that are nutritious and non-toxic is crucial for survival. 
Like other animals, insects detect nonvolatile chemicals with specialized taste receptors. 
However, unlike mammals, where taste organs are exclusively located in the mouth, insects have 
taste receptors in multiple organs, including the proboscis and legs. The role of different taste 
organs in regulating feeding behavior remains poorly understood. 
Here, the sweet taste receptor neurons of Drosophila melanogaster are used as a model to 
address this question. Using a neuronal silencing approach, the function of subsets of sweet taste 
receptor neurons in sugar preference is investigated. These experiments show that sweet taste 
receptor neurons in the legs, but not the proboscis, are crucial for sugar preference.  
Leg neurons fall into two anatomically distinct classes. One class of leg neurons projects 
directly to the brain, whereas the other projects locally to thoracic ganglia. These two classes 
drive distinct early appetitive responses: brain-projecting cells are important for feeding 
initiation, whereas locally projecting cells control sugar-induced locomotion suppression. 
Interestingly, sugar preference can be accurately predicted from these two early appetitive 
responses. Information from leg cells may be conveyed to higher-order neurons that are also 
required for sugar preference. Taken together, these results highlight the functional specialization 
within the Drosophila taste system and help understand how early appetitive responses are 
coordinated to promote rapid and efficient choice behavior.  
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1. Introduction 
1.1. Taste qualities in mammals and invertebrates 
Finding nutritious food and appropriate mates are essential for all animals. Foraging for 
food can be guided by a combination of sensory modalities. However, it is the taste of a potential 
meal that ultimately determines if it will be ingested or rejected. Taste organs, being located near 
the entrance of the digestive system, are optimally positioned to act as the last gatekeeper before 
ingestion. In insects such as Drosophila, taste has additional functions, for example in mate 
selection. 
Detection of tastants in mammals typically involves perception of five basic taste 
qualities: sweet (taste of sugars), bitter (taste of toxic substances e.g. alkaloids), sour (taste of 
acids), salt (taste of Na
+
 and other ions) and umami (taste of amino acids)
1
. Drosophila is able to 
perceive a similar set of taste qualities
2
. Interestingly, some animals have lost the ability to sense 
certain taste qualities, presumably as a consequence of a specialized feeding niche
3,4
. Other taste 
qualities such as the taste of water, carbonation, fat and pheromones are known to exist in 
mammals and/or invertebrates
5
. 
Drosophila and mammals can detect similar taste qualities, but their taste systems also 
share important differences. One of the most striking differences is in structure: in mammals, the 
tongue is the main taste organ, while in fruit flies the taste sensors are distributed throughout the 
body. In the following sections, the Drosophila taste system will be examined in terms of its 
structure and functions. 
10 
 
1.2. Structure of the Drosophila taste system 
The basic component of the Drosophila taste system is the sensillum, a hair-like structure 
that contains the taste receptors
6
. Taste sensilla can be categorized into two broad types: taste 
hairs (or taste bristles) are longer in size, while taste pegs (or papillae) are shorter and have 
simpler structures
7
 (Figure 1a, b). Taste sensilla can be found in several parts of the Drosophila 
body, both internally and externally (Figure 1c). Below, the structure of the taste organs of the 
fruit fly and their sensilla are described in detail. 
1.2.1. Taste organs of Drosophila 
Sensilla can be found in the labellum, pharynx, leg tarsi, wing margins and female 
ovipositor
6
 (Figure 1c). The labellum has traditionally been thought of as the ‘main’ taste organ 
in Drosophila
8
, perhaps due to the presence of multiple sensilla, and analogous to the 
mammalian tongue, because it sits at the entrance of the digestive system. It houses 62 taste hairs 
and a comparable number of taste pegs, equally distributed between its two lobes (Figure 1d)
7
. 
Taste pegs are located on the internal surface of the labellum and are exposed when the two 
lobes open to allow ingestion (Figure 1e). The proboscis also contains other internal organs, 
located inside the pharynx. The labral sense organ (LSO) sits directly behind the oral opening, 
while the ventral cibarial sense organ (VCSO) and dorsal cibarial sense organ (DCSO) are 
located more proximally (Figure 1e). The LSO and VCSO contain 6 taste sensilla, while the 
DCSO contains 4 taste sensilla
9,10
. In the legs, taste hairs are most concentrated in the distal-most 
five segments, called tarsal segments, with fewer taste bristles in the tibiae
11
. Forelegs contain 
more taste hairs than midlegs or hindlegs
11,12
. A recent study examined taste hair anatomy, Gr-
GAL4 expression and electrophysiological responses and identified approximately 28 taste hairs 
11 
 
in the foreleg tarsi of female flies
11
, a somewhat greater number than that in previous studies 
(Figure 1f)
12,13
. Interestingly, male forelegs contain more taste hairs than female forelegs
11,12,14
, 
presumably because additional hairs are involved in pheromone detection, which is important for 
 
Figure 1: Taste sensilla and taste organs of Drosophila. (a-b) Structure of a labellar taste hair (a) and a LSO 
taste peg (b). Taste cells project dendrites into the hollow interiors of these structures. Taste hairs and taste 
pegs possess a terminal pore (arrowhead in (a)) through which chemicals can enter. (c) Schematic of the taste 
organs of Drosophila. External organs are indicated with red circles; internal organs are indicated with red 
asterisks. (d) Schematic of the labellum, indicating the position of the 31 taste hairs in each lobe. Taste hairs 
are categorized into long, intermediate and short, indicated in gray, black and white respectively. (e) 
Schematic of the proboscis, indicating the position of the taste pegs, LSO and VCSO, which are internal taste 
organs. (f) Schematic of the five tarsi of a female Drosophila foreleg, indicating the position of taste hairs. 
Most taste hairs exist in pairs. (LSO labral sense organ; VCSO ventral cibarial sense organ; DCSO dorsal 
cibarial sense organ. Modified from
6, 11, 67
. 
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courtship
15
. Each wing also contains approximately 40 taste hairs positioned along its margins
6
. 
Finally, approximately 13 putative taste hairs are found on the female ovipositor
6
. 
1.2.2. Structure of taste sensilla 
Taste sensilla are hollow structures innervated by taste cells (Figure 1a, b). Unlike 
mammals, where tastants are sensed by modified epithelial cells, Drosophila taste cells are 
neurons
5,16
. Drosophila gustatory receptor neurons (GRNs) extend dendrites towards the hollow 
interior of the sensillum, have cell bodies in the periphery and project axons towards the central 
nervous system (CNS)
6
. Tastants can enter the sensillum through a pore at its tip and are 
dissolved in the hemolymph that fills it, which enables detection by GRNs. Most taste hairs in 
the labellum, legs and wings are innervated by four GRNs and a mechanosensory neuron that sits 
at the base of the taste hair
6,17
. These cells express taste receptors tuned to a specific taste quality 
in a mostly non-overlapping manner, an observation in line with taste hair recording studies (see 
section 1.3). 
1.2.3. Projections of gustatory receptor neurons to the central nervous system 
GRN axons bundle according to taste organ to form distinct nerves (Figure 2a). Labellar 
GRN projections bundle with axons from olfactory receptor neurons (ORNs) in the maxillary 
palps to form the labial nerves, while pharyngeal GRNs project to the brain via the 
pharyngeal/accessory pharyngeal nerves
51,60,62
. All GRN projections from the proboscis 
terminate in a specific area of the fly brain, called the gnathal ganglia (GNG)
18
, but also known 
as the suboesophageal ganglion (SOG/SEG)
6,8,19-22
 (Figure 2a-c). Because most GRN projections 
terminate in this area, the GNG are thought to be the taste center of the insect brain
21
. These 
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nerves terminate in discrete areas of the GNG: the pharyngeal/accessory pharyngeal nerves 
project to the anterodorsal GNG, while the labial nerves project more medially (Figure 2c). 
GRNs from the legs project to the ventral nerve cord (VNC), according to leg position: 
neurons from fore-, mid- and hindlegs project to the pro-, meso- or metathoracic ganglia (PN, 
MN, MtN), respectively (Figure 2b, d). Interestingly, some leg GRNs terminate in the VNC, 
 
Figure 2: Projections of gustatory receptor neurons to the central nervous system. (a) Schematic of 
Drosophila head. Cephalic taste organs and their projections to the brain are indicated. Axonal projections from 
gustatory receptor neurons form distinct nerves, some of which project to the gnathal ganglia in the brain. (b) 
Schematic of the Drosophila central nervous system. The gnathal ganglia, thought to be the ‘taste center’ of the 
fly brain, are shown in gray. (c) Projections from different taste organs innervate distinct regions of the gnathal 
ganglia. Here, projections from sweet taste receptor neurons are shown. (d) Projections from different non-
cephalic taste organs have distinct innervations patterns in the ventral nerve cord. LSO labral sense organ; VCSO 
ventral cibarial sense organ; DCSO dorsal cibarial sense organ; GNG gnathal ganglia; CvC cervical connective; 
VNC ventral nerve cord; PN prothoracic ganglia; MN mesothoracic ganglia; MtN metathoracic ganglia; AG 
abdominal ganglion. Adapted from
21, 87
. 
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while others continue through the cervical connective (CvC) and terminate in the GNG
6,8,19-22
. 
Brain-projecting GRNs in the legs terminate in the posterior GNG (Figure 2a, c). 
1.3. Functions of the Drosophila taste system 
Two opposing models can be used to explain taste coding in the brain: the labeled line 
model and the across-fiber model. In the labeled line model, sensory cells respond to specific 
taste qualities and transmit information directly to the brain. In the across-fiber model, taste cells 
differentially respond to multiple taste qualities, with downstream neurons ultimately separating 
the different qualities. Behavioral, physiological and anatomical data demonstrate that 
Drosophila makes use of a labeled line model to code for stimuli of opposing valence
5
. 
However, some taste qualities of same valence can be detected by overlapping sets of GRNs. For 
example, sweet GRNs are required for acceptance of fatty acids
23
 and some respond to low 
concentrations of salt
24
, whereas bitter taste cells also respond to high concentrations of salts
24
. 
Nevertheless, representations of appetitive and aversive substances are completely separated. 
 With regards to behavior, the Drosophila taste system has been most studied for its role 
in feeding. Hungry flies typically extend their proboscises when appetitive stimuli are applied on 
their tarsi or labella, a response suppressed by the inclusion of aversive substances
25
. This robust 
behavioral response, called the proboscis extension reflex (PER), provides an easy readout of 
taste-driven behavior. However, the detailed ethology of fly feeding remains less explored 
(Figure 3). Food elicits multiple behaviors that appear to be sequentially organized: stimulation 
of leg GRNs triggers proboscis extension, followed by stimulation of labellar GRNs; 
consequently, opening of the labellum exposes the taste pegs and ingestion is initiated (Figure 
15 
 
3b, c). Pharyngeal GRNs may monitor food quality during ingestion
26
. However, feeding does 
not strictly adhere to this hierarchical organization, since labellar stimulation also elicits PER
25
 
and since spontaneous PER/ingestion can occur without taste hairs in the labellum/legs, albeit 
with lower frequency
27
. 
 
Figure 3: Feeding behavior of Drosophila. (a) Foraging relies on taste, but also other sensory modalities (e.g. 
olfaction) that may guide flies to a potential food source. (b) Initial contact with an acceptable food source, 
presumably with the legs, triggers early appetitive responses, such as locomotion arrest, lowering of posture and 
extension of the proboscis. (c) Extension of the proboscis allows feeding initiation. The labial palps open and food 
sucking commences. Taste receptor neurons in the labellum may play a role in feeding during this stage. (d) Food 
ingestion proceeds until the fly is satiated. Internal taste organs located in the pharynx are important for sustained 
feeding at this stage. (e) Feeding is terminated by retraction of the proboscis when the fly is satiated and eventually 
the fly disengages (f). Modified from
28
. 
 
Early electrophysiological studies took advantage of the accessibility of labellar taste 
hairs to show that they contain up to four functionally distinct taste cells: one that responds to 
sugars (S cell), one that responds to water (W cell), one that responds to low concentrations of 
a b c
d e f
Foraging Food detection Feeding initiation
Food ingestion Feeding termination Disengagement
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salt (L1 cell) and one that responds to bitter substances and high concentrations of salt (L2 cell) 
(reviewed in
29
). Later studies showed that this functional specialization is owed to a largely non-
overlapping expression of receptors tuned to different taste qualities
8,22,30,31
. Taste receptors of 
Drosophila are discussed in greated detail below. 
1.3.1. Taste receptors in mammals and Drosophila 
Although mammals and fruit flies can perceive similar taste qualities, their taste receptors 
are not structurally related. In mammals, G protein-coupled receptors (GPCRs) are involved in 
the perception of bitter, sweet and umami taste qualities (Figure 4a-c). Bitter tastants are detected 
by a family of T2R receptors
32
, sweet tastants are detected by the T1R2-T1R3 heterodimer
16
 and 
umami tastants are detected by the T1R1-T1R3 heterodimer
33
 and metabotropic glutamate 
receptors
34,35
. In insects, the most intensely studied taste receptors are the so-called gustatory 
receptors (GRs)
36
, a family of 68 seven transmembrane domain (7TM) proteins related to 
olfactory receptors
37
 that differ from GPCRs
38
 (Figure 4a-c). Other genes have also been shown 
to encode taste receptors in Drosophila; these include ionotropic receptors (IRs; Figure 4d)
39
, 
pickpocket (ppk) channels (Figure 4e)
15,30,40-44
 and transient receptor potential (TRP) channels
45-
47
 (Figure 4c). These genes have diverse functions, often not limited to taste. Their roles in taste 
perception are discussed below, with particular emphasis to their ligands, structure and function. 
1.3.2. Drosophila gustatory receptors in taste perception 
The largest and best understood family of Drosophila taste receptors is the GRs (Figure 
4f). GRs are functionally diverse: while most are involved in sensing basic taste qualities, they 
also include two olfactory receptors
48,49
, a heat sensor
50
 and a potential light sensor in larvae
51
.  
17 
 
The first GR linked to taste was Gr5a, which codes for a receptor for trehalose
52-54
 (a 
yeast sugar). Seven more GRs share sequence similarity with Gr5a: Gr61a and the six members 
of the Gr64 cluster (Gr64a-f) (Figure 4g)
19
. Further characterization of these GRs revealed that 
most are tuned to subsets of sweet substances: Gr5a is not only required for trehalose, but also 
other sugars, including glucose
19
; Gr61a is tuned to glucose
55
, Gr64a to sucrose, maltose and 
other sugars
19,56
 and Gr64e to glycerol, which is not a sugar but nevertheless is attractive to 
flies
57
. Gr64f is required for sensing trehalose and is needed in combination with Gr64a for 
behavioral and physiological responses to sucrose, maltose and glucose
58
. The functions of 
 
Figure 4: Taste receptors in the mouse and fly. (a) Sweet taste receptors. (b) Amino acid taste receptors. (c) 
Bitter taste receptors. (d) Low salt concentration taste receptors. (e) Water taste receptor. (f) Phylogenetic tree of 
fly chemoreceptors. A family of sweet taste receptors is indicated with a box. (e) Blow-up of box in (f). TR taste 
receptor; GR gustatory receptor; ENaC epithelial sodium channel; IR ionotropic receptor; ppk pickpocket 
channel. (a-e) modified from
5
; (f-g) modified from
19
.   
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Gr64b, Gr64c and Gr64d remain unknown. Gr43a, a more distantly related GR, is a fructose 
receptor
59
. It is worth noting that findings from different laboratories are occasionally 
contradictory, suggesting that conclusions also depend on the specific mutants and 
methodologies used in the studies. For example, Gr64f was proposed as a sugar co-receptor 
because: (1) it has the broadest expression pattern
19
, (2) responses to trehalose are abolished in 
ΔGr64 mutants60 and reduced upon Gr64f knock-down58 and (3) the impaired responses to 
sucrose, maltose and glucose in ΔGr64 flies are fully rescued only upon introduction of both 
Gr64a and Gr64f
58
. However, a recent study questions this conclusion by showing that ectopic 
expression of individual sweet GRs in olfactory neurons confers robust responses to sugars, and 
that expression of sweet GR combinations does not result in an increase in responses
61
. The 
authors of this latter study suggest that Gr5a and Gr64a are the main sweet GRs of Drosophila, 
because: (1) they are necessary and sufficient for behavioral and physiological responses to 
distinct, but complementary sets of sugars
19,61
 and (2) eliminating both GR genes results in 
sugar-blind flies
19
. Nevertheless, this conclusion is controversial, because a different Gr64a 
mutant did not show any behavioral defect when the labellum was stimulated with sugars
62
. In 
line with this, a Gr64a-GAL4 knock-in line lacks expression in the labellum. Fujii et al. speculate 
that such inconsistencies can be attributed to technical limitations in the Gr64 family mutants. 
Taken together, these findings suggest that sweet GRs and their ligands do not share a simple 
one-to-one relationship; instead, responses to most sugars are influenced by multiple sweet GRs. 
The majority of GRs are thought to be bitter taste receptors. The function of only a few 
bitter GRs has been addressed directly. The emerging picture is that, like sugar GRs, bitter 
substances recruit multiple bitter GRs to elicit behavioral and physiological responses. For 
example, responses to caffeine require Gr33a
63
, Gr66a
64
 and Gr93a
65
. Similarly, taste responses 
19 
 
to the insect repellant N, N-diethyl-m-toluamide (DEET) require Gr32a, Gr33a and Gr66a
66
. 
Other bitter GRs, such as Gr47a (a strychnine receptor), may be more specialized
67
. These 
receptors are necessary but not sufficient for responses to bitter compounds, suggesting that they 
function as multimeric complexes
63-65
. A systematic analysis of bitter GRs used Gr-GAL4 lines 
to infer that 33 GRs are co-expressed with previously identified, broadly expressed bitter GRs 
such as Gr32a, Gr33a and Gr66a
68
. Together with Gr39a.a and Gr89a, these five GRs are 
expressed in all bitter-responsive taste hairs of the labellum and are therefore thought to 
constitute the ‘core’ bitter GRs. Interestingly, labellar taste hairs differ in their physiological 
responses to bitter chemicals, and these differences correlate with differential expression of non-
core bitter GRs. Therefore, it is thought that expression of specific combinations of bitter GRs 
underlies the functional diversity of Drosophila taste hairs. Additionally, a few bitter GRs may 
also function as pheromone receptors, as they are involved in courtship behavior
63,69-73
. 
Amino acid taste perception is poorly understood in Drosophila, despite some systematic 
efforts to identify the genes involved
74
. Only one receptor, Gr8a, has been implicated in amino 
acid taste perception
75
. However, Gr8a is involved in the avoidance of L-canavanine, a toxic 
analogue of L-arginine, and is expressed in bitter GRNs. The receptors involved in the detection 
of more typical amino acids are unknown. A subset of sugar-responsive taste hairs in the 
labellum showed no responses to 18 common amino acids
19
. Nevertheless, flies can show 
preference to amino acids and this preference increases with several days of amino acid 
deprivation
76
. Interestingly, only amino acid deprived flies show PER following labellar (but not 
tarsal) stimulation
76
. These results suggest that amino acid receptors may reside in the proboscis, 
most likely in the taste pegs and pharyngeal organs. 
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1.3.3. Drosophila ionotropic receptors in taste perception 
Drosophila IRs are a family distantly related to ionotropic glutamate receptors that 
participate in chemosensation
77
. A sub-family of 35 genes, the IR20a clade, contains 16 genes 
that are thought to be expressed in one or multiple Drosophila taste organs
39
. Interestingly, some 
of those appear to be co-expressed with sugar or bitter GRs, but not both, suggesting that they 
can mediate acceptance or rejection to specific compounds. Some members of the IR20a clade 
are not co-expressed with GRs; these include the sexually dimorphic Ir52c and Ir52d. Mutants 
for these receptors show delayed copulation, demonstrating a role in courtship that is fully 
consistent with anatomical data
39
. Other IRs that are not members of the IR20a claude may also 
be expressed in both olfactory and taste organs
78
. Of those, Ir76b is required for the detection of 
low concentrations of salt, which promote food acceptance (Figure 4d)
31
. Deletion of Ir76b 
eliminates attraction to low salt concentrations, but does not affect avoidance to high salt 
concentrations, suggesting that the ‘high salt’ receptor is different. Interestingly, comparison of 
Ir76b-QF and Gr5a-GAL4, which label the ‘low salt’ and sweet GRNs respectively, did not 
reveal co-expression in the labellum, indicating the existence of independent sensory pathways 
mediating acceptance in Drosophila. 
1.3.4. Drosophila pickpocket channels in taste perception 
Drosophila ppk genes encode degenerin/epithelial Na
+
 channels that have been shown to 
participate in taste perception of water, salt and pheromones. ppk28 has been shown to be 
necessary and sufficient for physiological responses to low osmolarity solutions (Figure 4e)
30,41
. 
Additionally, mutant flies show decreased drinking time and impaired PER with water, but not 
with sugar solution. ppk28 is not co-expressed with Gr5a-GAL4, indicating that, like low salt 
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concentrations, it mediates acceptance through a separate pathway. In larvae, ppk11 and ppk19 
are required for the behavioral preference to low NaCl concentrations, but not for the avoidance 
of high concentrations
42
. Curiously, in adults the same genes are required for the avoidance of 
high salt concentrations
42
. A more recent study found that ppk19 plays a role in choice behavior 
of larvae for both low and high salt concentrations and identified a non-related gene, serrano, as 
important for the avoidance of high salt concentrations
40
. Finally, ppk23
15,43,44
, ppk25
79,80
 and 
ppk29
15
 are involved in the courtship behavior of male flies. ppk23 and ppk29 are expressed in 
cells that are mostly different from sweet, bitter or water neurons
15
. While ppk23 and ppk29 are 
expressed in both labellum and leg GRNs, only the latter are involved in courtship. Nevertheless, 
these genes are probably not pheromone receptor genes, because: (1) ectopic ppk23/ppk29 
expression in ‘empty’ water neurons does not confer sensitivity to pheromones and (2) in 
pheromone-sensitive leg taste hairs, ppk23-GAL4 labels two cells, but only one responds to male 
pheromones, whereas the other responds to female pheromones, suggesting that this specificity is 
imparted by a different protein. 
1.3.5. Drosophila transient receptor potential channels in taste perception 
The taste of pungent chemicals, such as isothiocyanates (present in wasabi and mustard) 
and a few other aversive compounds depends on transient receptor potential (TRP) channels. 
These channels are necessary and sufficient for aversive responses to specific chemicals: 
painless for isothiocyanates
45
, dTrpA1 for isothiocyanates
81
 and aristolochic acid
46
 (a toxic anti-
feedant) and TRP-like (TRPL) for camphor
47
 (an aversive but non-toxic terpenoid). These genes 
are mostly expressed in sets of bitter GRNs but not required for aversion of other bitter 
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compounds. Therefore, distinct receptors and/or pathways exist in the same cells for detection of 
different aversive tastants. 
1.3.6. Taste information processing in sensory neurons 
 Segregated representation of taste qualities of opposing valence by non-overlapping 
GRNs is thought to be one of the mechanisms underlying food acceptance and rejection
8,22
. 
However, the Drosophila taste system can also control feeding via other mechanisms. Bitter 
substances recruit a dual pathway by not only activating bitter GRNs, but also by inhibiting 
sweet and water GRNs
82
. Bitter GRNs are thought to indirectly inhibit sweet GRNs via GABA 
(γ-aminobutiric acid) interneurons83. Interestingly, flies lacking bitter GRN function can still 
avoid bitter substances. This latter pathway is thought to involve binding of bitter substances to 
odorant-binding proteins, which are expressed in taste organs, and direct inhibition of sweet 
GRNs through them
84-86
. A similar mechanism underlies aversive responses to acids. While 
Drosophila lacks a dedicated ‘sour cell’, acids can activate bitter GRNs and inhibit sweet GRNs 
via as yet unidentified receptors and mechanisms
87
. 
 GRN projections in the brain are segregated based on taste quality: sweet taste cells from 
the labellum have more lateral and anterior projections in the GNG than projections from labellar 
bitter cells
8,22,88,89
 (Figure 5). This spatial segregation suggests that the sweet and bitter taste 
pathways recruit different downstream neurons to elicit acceptance and rejection, an idea 
consistent with large-scale functional imaging data
90
. However, GRNs tuned to the same quality 
also project to spatially segregated regions in the CNS, depending on taste organ (see also 
section 1.2.3 and Figure 2). Taken together, these observations suggest that flies may be able to 
differentially process gustatory information depending on stimulus location and produce 
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different behavioral output for the same stimulus
22,88
. In line with this, different subsets of bitter 
GRNs underlie different functions: bitter cells in the legs are required for aversion to a bitter 
substance, while pharyngeal bitter cells are needed for female flies’ egg laying preference on the 
same bitter substance
91
. 
1.3.7. Coordination of feeding behavior 
 Feeding behavior requires the simultaneous inhibition of competing behavior, such as 
locomotion. In the larva, activation of a cluster of 20 interneurons expressing the neuropeptide 
hugin simultaneously suppresses feeding and promotes locomotion. The precise neuronal 
mechanism by which opposite regulation of these mutually exclusive behaviors occurs is not 
fully understood. However, hugin cells were proposed to input into two distinct central pattern 
generators (CPGs), one for feeding-related motor programs and another for locomotion, thereby 
coordinating their activities
92
. In adult flies, proboscis extension inhibits locomotion. Inhibition 
 
Figure 5: Projections of gustatory receptor neurons are segregated based on taste quality. (a) Overlay of 
sweet (red) and bitter (green) gustatory receptor neuron projections (labeled by Gr5a-GAL4 and Gr66a-GAL4, 
respectively) in the gnathal ganglia. From
22
. (b) Schematics of sweet (left) and bitter (right) gustatory receptor 
neuron projections in the gnathal ganglia. Sweet neurons from the labellum (pink) project more laterally than 
bitter neurons from the labellum. From
87
. GRNs gustatory receptor neurons; GNG gnathal ganglia. 
Sweet GRNs (Gr5a-GAL4)
Bitter GRNs (Gr66a-GAL4)
Sweet GRNs Bitter GRNs
Anterior GNG (projections from pharynx)
Medial GNG (projections from labellum)
Posterior GNG (projections from legs)
a b
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of proboscis extension during movement may involve a pair of VNC interneurons called PERin. 
These neurons receive mechanosensory input from the legs, presumably transmitted during 
walking, and are necessary and sufficient for PER inhibition
93
. 
1.3.8. Functions of ‘atypical’ taste organs 
 GRNs in the wings and ovipositor do not typically come into contact with food and have 
not been implicated in feeding so far. The ovipositor of moths was found to contain taste hairs 
sensitive to sucrose and fructose, which correlates with these animals’ preference to lay eggs in 
media containing these sugars
94
. It has been speculated that GRNs in the Drosophila ovipositor 
may also be involved in the selection of egg-laying sites
95
, but this has not been demonstrated 
yet. Wing GRNs are important for grooming. These cells are necessary for grooming behavior 
induced by stimulating the wing margins in decapitated flies. Additionally, optogenetic 
activation of bitter cells in decapitated flies is sufficient to induce this behavior
96
. 
1.3.9. Role of taste in courtship behavior 
 Courtship involves physical contact between the male forelegs or labellum and the female 
abdomen, behaviors known as ‘tapping’ and ‘licking’, respectively97. Several bitter GRs are 
involved in cuticular pheromone perception and are required for suppression of male-male 
courtship
63,71,72
. One of these GRs, Gr32a, is also required for suppression of courtship towards 
other fruit fly species
69
 and is involved in unilateral wing extension during courtship
70
. Two 
other GRs, Gr39a
73
 and Gr68a
98
, are required for male-female courtship. Three pickpocket 
channels, ppk23
15,43,44
, ppk25
79,80
 and ppk29
15
 are involved in promoting courtship towards 
females and/or inhibiting courtship towards males. The actual pheromone receptors are probably 
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heteromeric complexes with additional proteins
15,99
. Receptors Ir52c and Ir52d are also involved 
in courtship
39
. Interestingly, these two IRs are expressed in dorsal taste hairs of the forelegs; the 
same is true of channels ppk23
44
 and ppk25
80
. Dorsal taste hairs are unlikely to contact potential 
food when walking, but tapping of the female abdomen during courtship occurs with the dorsal 
male foreleg, making these taste hairs optimally positioned for detecting female pheromones
39
. 
1.4. Taste processing in the Drosophila central nervous system 
While taste perception by peripheral sensory neurons is well understood, relatively less is 
known about processing of taste information in the brain. Anatomical and functional GAL4 
screens are a popular strategy for discovering higher-order taste neurons, often with single-cell 
resolution
93,100-104
. However, this unbiased approach typically results in a very fragmented view 
of the fly taste circuit, as the neuronal contexts and connectivity of circuit components can be 
difficult to appreciate. Alternatively, hypothesis-driven approaches
105,106
 can uncover the 
function of specific taste circuit components, but these have so far been restricted to neurons near 
the input or output sites. Finally, global approaches are useful for demonstrating principles of 
taste coding in the brain. For example, a recent large-scale functional imaging study revealed that 
tastant responses are mostly segregated in the brain
90
. However, this approach does not address 
the behavioral relevance of specific circuit components. This section will focus on three aspects 
of taste processing in the brain that are relatively well-understood, namely: (1) modulation of 
taste neurons by starvation; (2) motor neurons involved in feeding behaviors and (3) taste circuits 
for associative learning. 
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1.4.1. Modulation of sweet taste neurons by starvation 
 Internal state can affect feeding behavior. The best understood example is starvation, 
which regulates the expression of appetitive behaviors such as PER
25
. The mechanism by which 
this is accomplished involves starvation-dependent modulation of sensory
106,107
 and higher-
order
100,102
 sweet taste neurons. A single ventral unpaired median dopaminergic neuron with a 
cell body and broad arborizations in the GNG, called TH-VUM, mediates starvation modulation. 
TH-VUM shows increased activity upon starvation and manipulating its activity changes PER 
probability
106
. While it is not clear if TH-VUM and sweet GRNs form synapses
106
, dopamine 
(DA) release on GRNs increases during starvation, while a DA receptor in sweet GRNs is 
necessary and sufficient for the starvation-dependent increase in PER probability
107
. Therefore, it 
is likely that DA release through TH-VUM decreases the sugar threshold of sweet GRNs. The 
activity of a paired second-order taste neuron
102
 and a paired feeding ‘command’ neuron100 were 
also reported to be positively modulated by starvation. In the case of the former neurons, feeding 
flies the DA precursor L-3, 4-dihydroxyphenylalanine (L-DOPA) increases the response, 
indicating that DA is also involved
102
. Taken together, these results suggest that DA modulation 
in the sweet taste circuit may be the mechanism underlying starvation-dependent control of 
feeding initiation. 
1.4.2. Motor neurons controlling feeding behaviors 
 The motor neurons underlying some feeding behaviors are also understood. A paired 
motor neuron in the GNG is necessary for proper execution of the PER motor program, while its 
activation is sufficient for eliciting PER
101
. This motor neuron pair does not contact sweet GRNs 
labeled by a Gr5a line, suggesting that PER is not a monosynaptic reflex. However, PER is only 
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the first step of feeding. Ingestion of food requires the function of a pump inside the proboscis, in 
a compartment called the cibarium. This cibarial pump draws liquid food through the fly’s 
proboscis and propels it toward its esophagus. Proper function of this pump requires the 
coordinated function of two distinct populations of motor neurons
105
. The action of one 
population leads to expansion of the cibarium, drawing liquid within it. Consequently, the action 
of the other population propels the liquid from the cibarium to the esophagus. Coordinated 
activity in these two populations is likely controlled by an upstream central pattern generator, 
which may receive feedback from the motor neurons themselves. 
1.4.3. Taste circuits for associative learning 
 Sugar can be associated with odors
108
 or visual cues
109
 to drive the formation of 
appetitive memories. The mushroom body (MB) is the brain center where the unconditioned 
stimulus (US; sugar) and conditioned stimulus (CS; e.g. odor, color) are associated
110,111
. The 
pathways transmitting sweet taste information to the brain are the subject of intensive study. In 
sugar-odor conditioning with bees, activation  of a ventral unpaired median neuron, VUMmx1, 
can substitute for the sugar reward
112
. This neuron is octopaminergic
113
. Additionally, injection 
of octopamine (OA) near the VUMmx1-MB calyx or VUMmx1-antennal lobe convergence sites 
can substitute for the sugar reward
114
. OA is also important for odor-sugar learning in 
Drosophila
115
. Drosophila also has OA neurons anatomically similar to VUMmx1
116
, which 
could transmit sugar information. Interestingly, dopamine (DA) also plays a role in sugar-odor 
learning. A group of DAergic neurons in the protocerebral anterior medial (PAM) cluster is 
necessary and sufficient for memory and transmits sugar information through DA receptors 
expressed in the MB
117
. The current view is that sugar information is transmitted through 
28 
 
OAergic neurons towards subsets of PAM neurons, which in turn convey it to the MB
117,118
. 
Interestingly, flies can learn the sweet taste and nutritive value of sugars separately, with sweet 
taste driving the formation of robust short-term memory, but weak long-term memory
119,120
. 
Sweet taste is conveyed by OAergic neurons
118
, while two distinct subsets of PAM neurons 
convey the sweet taste and nutritional information to the MB
121
. Water can also act as a reward 
in olfactory conditioning and is conveyed to the MB via a subset of PAM neurons
122
. 
 Bitter taste can drive the formation of aversive memories. For example, hungry flies can 
learn to suppress PER to sugar, when sugar presentation on the legs (the CS) is paired with 
application of a bitter chemical on the proboscis (the US)
123
. The MB is required for this aversive 
taste memory
124,125
. A distinct subset of DA neurons, the paired posterior lateral 1 cluster (PPL1) 
innervates the MB, responds to bitter tastants (but not sweet) and is necessary and sufficient for 
conditioned PER suppression
124,125
. In the MB calyx, tastants within the same taste quality 
activate largely overlapping populations of cells, whereas different taste qualities are mostly 
separated
124
. Overlapping representations in the MB may explain why flies show a limited ability 
to distinguish stimuli representing the same taste quality
126
. 
1.5. Drosophila as a model organism 
1.5.1. General advantages of Drosophila  
The pioneering work of Thomas Hunt Morgan has contributed to establishing Drosophila 
melanogaster as an important model organism in the 20th century, particularly in the field of 
genetics. In more recent years, Drosophila has proved to be a useful model organism for 
understanding the molecular and neuronal basis of behavior
127
. Fruit flies have basic advantages 
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such as a short life cycle, an ability to produce many offspring, low cost and ease of 
maintenance. Moreover, their CNS is numerically simpler than that of mammals, as it only 
contains an estimated 150000 neurons
128
. However, the most important advantage is its 
unparalleled genetic tractability
129
. Of particular interest for neuroscience, this includes genetic 
tools useful for characterizing the anatomy, physiological properties and behavioral function of 
neurons with excellent resolution
130
. For taste in particular, Drosophila is advantageous because: 
(1) like humans, it can perceive a similar set of taste qualities, suggesting that principles of taste 
coding discovered in the fly might apply to mammals; (2) unlike mammalian GRNs, Drosophila 
GRNs project directly to the CNS, making it easier to examine taste information coding in the 
brain
21
 and (3) the taste center of the fly brain, the GNG, only contains 6000 neurons, roughly
106
. 
1.5.2. Genetic tools in Drosophila: GAL4/UAS system 
The GAL4/UAS system is a popular method for targeting transgene expression to 
specific cells of the fruit fly (Figure 6a)
131
. This binary expression system consists of GAL4, a 
transcription factor from yeast, and an upstream activating sequence (UAS), to which GAL4 can 
bind. Binding of GAL4 to UAS activates transcription of the transgene placed downstream of 
this sequence. This transgene, often called the ‘effector transgene’, can encode any desirable 
RNA. Of particular use for behavioral analyses are effectors that can be used for activating or 
silencing neurons, while anatomical analyses rely on expression of green fluorescent protein 
(GFP) and its variants. 
GAL4 expression is controlled by cis regulatory elements. For example, a promoter can 
be cloned and placed upstream of the GAL4-coding sequence to target cells expressing the 
promoter-associated gene. Using this ‘promoter-fusion’ strategy, the Carlson lab has generated 
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lines expressing GAL4 under the control of most GR promoters and confirmed that these direct 
expression to taste organs
68
. With this approach, GAL4 expression should recapitulate the gene 
expression pattern, but discrepancies might occur, especially if the cloned enhancer does not 
include all regulatory sequences
62
. Alternatively, GAL4 can be randomly integrated in the 
genome to target random subsets of cells. Transgenics generated in this way are called 
‘enhancer-trap’ lines, because endogenous Drosophila enhancers are ‘trapped’ into driving 
GAL4 expression. Collections of enhancer-trap lines can be used for anatomical and/or 
 
Figure 6: Examples of genetic tools in Drosophila. (a) Schematic of the GAL4/UAS system. Effector-
expressing population indicated in gray. (b) Expression can be refined by introducing GAL80, which limits 
effector expression to the non-overlapping GAL4-expressing cells (gray in the Venn diagram). (c) Strategy for 
positive intersection between GAL4 and Flp. Ubiquitously expressed GAL80 is eliminated only in the Flp-
expressing cells, limiting transgene expression to the overlapping GAL4-expressing cells (gray in Venn diagram). 
P1 promoter 1; 5X UAS upstream activating sequence (5 copies); P2 promoter 2; tub tubulin promoter; P3 
promoter 3; Flp flippase; FRT flippase recognition target. Modified from
129
. 
P1 GAL4
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functional screens to discover cells of interest in an unbiased manner. 
 Popular effector transgenes for neuroethology include UAS-Shibire
ts1 
and UAS-Kir2.1 for 
silencing neurons, as well as UAS-TrpA1 and various UAS-Channelrhodopsins for activating 
them. Shibire
ts1
 (Shi
ts1
) is a temperature-sensitive, dominant-negative allele of Dynamin, a 
protein required for vesicle recycling at presynapses. Therefore, neurons expressing Shi
ts1
 can be 
silenced by increasing the temperature, since vesicle recycling is blocked at higher temperatures, 
leading to their depletion
132
. On the other hand, Kir2.1 is a human inwardly rectifying potassium 
channel (fused to GFP). Expression of Kir2.1 in neurons leads to membrane hyperpolarization, 
decreasing the probability of action potential generation and consequently neurotransmitter 
release
133
. Kir2.1 is complementary to Shi
ts1
, as it can block neuronal communication through 
both chemical and electrical synapses. Conversely, the endogenous heat-activated TRP family 
ion channel TrpA1 can be used to activate neurons by mild elevation of the temperature
134
. 
Additionally, channelrhodopsins are light-gated ion channels from Chlamydomonas that, if 
expressed in neurons, can lead to depolarization upon exposure to light of appropriate 
wavelength
135
. Taken together, these tools allow conditional manipulation of neuronal subsets in 
intact, behaving animals. 
1.5.3. Intersectional approaches and other binary expression systems 
 A problem with GAL4 lines is that they often label additional cells, besides those of 
interest. To address this caveat, complementary genetic tools can be used with GAL4/UAS. Such 
intersectional approaches can improve cellular resolution, in some cases allowing the 
manipulation of individual neurons. For example, GAL80, a protein that binds to GAL4 and 
blocks its ability to activate transcription, can be used to refine effector transgene expression 
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(Figure 6b)
136
. Additionally, recombinases like the yeast flippase (Flp) can be used with 
GAL4/UAS for positive or negative intersections. A strategy for positive intersections 
additionally relies in the presence of GAL80 driven by a ubiquitous promoter (e.g. tubulin 
promoter, tubP) and flanked by flippase recognition target (FRT) sequences. Flp can therefore 
excise GAL80, leading to expression of the effector transgene only in cells that express both 
GAL4 and Flp (Figure 6c). The Flp/FRT and GAL4/UAS systems can be used in combination to 
label cells in a stochastic
137
 or deterministic
138
 manner. 
 Other binary expression systems operate similarly to GAL4/UAS. These include the 
QF/QS
139
 and LexA/LexAop
140
 systems. Because QF/QS and LexA/LexAop are independent 
from GAL4/UAS (i.e. these systems do not interact), they can be used in combination, by having 
one of the former systems drive expression of a protein that influences GAL4/UAS. For 
example, LexA/LexAop can be used to drive GAL80 expression to refine a GAL4 line. 
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2. Materials and Methods 
2.1. Fly strains 
The following transgenic strains of Drosophila melanogaster in a w
1118
 background were 
used for crosses: y w hsp70-flp; Sp/CyO; TM2/TM6b
141
, UAS >CD2 y
+
 >mCD8-GFP
142
 (original 
donor Gary Struhl), w Gr5a-LexA; Bl/CyO; TM2/TM6b
101
, w; LexAop-GAL80 in attP40 (gift 
from B. Pfeiffer and G. Rubin, Bloomington #32214), w; Pin/CyO; UAS-mCD8::GFP
136
, w;; 
UAS-Kir2.1::eGFP
133
, y w LexAop-mCD8::GFP UAS-mCD8::RFP
143
 (gift from B. Pfeiffer and 
G. Rubin, Bloomington #32229), w; UAS-mCD8::RFP (gift from Ilona Kadow), w;; LexAop-
rCD2::GFP
59
, w; otd-nls-FLPo
144
, w; Bl/CyO; tub>GAL80> (Bloomington #38881), w; Gr5a-
GAL4/CyO; Dr/TM3
68
, w; Sp/CyO; Gr43a-GAL4/TM3
68
, w; Gr43a-GAL4
59
, w; Gr61a-
GAL4/CyO; Dr/TM3
68
, w; Sp/CyO; Gr64a-GAL4/TM3
68
, w; Sp/CyO; Gr64c-GAL4/TM3
68
, w; 
Sp/CyO; Gr64d-GAL4/TM3
68
, w; Gr64e-GAL4/CyO; Dr/TM3
68
, w; Gr64f-GAL4/CyO; 
MKRS/TM2
68
, w;; Gr64f-LexA
59
, w;; UAS-Shibire
ts1 132
 and white (w
1118
). Enhancer-trap GAL4 
lines from the Nippon Project collection (NP-GAL4s) were ordered from the Drosophila Genetic 
Resource Collection (DGRC) in Kyoto, Japan
145
. Canton S flies were used as the wild-type 
strain, but the appropriate generic controls (in w
1118
 background) were used for comparisons with 
experimental groups. Most flies were kept at 25 °C and 60% relative humidity on standard 
cornmeal medium under a 14 h/10 h light/dark cycle. Only the NP-GAL4 crosses to UAS-
Shibire
ts1
 were kept at 18 °C.  
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2.2. Immunohistochemistry and anatomical analysis 
Brains, VNCs, proventriculi, uteri and proboscises of 2-8 d adult female Drosophila were 
dissected as previously described
146
, fixed for 45 minutes at room temperature in 4% 
formaldehyde in phosphate-buffered saline (PBS) with 0.1% Triton X-100 (PBS-Tx), washed 
with 0.1% PBS-Tx and stained using antiserum to GFP (rabbit, 1:1000, Invitrogen, or rat 
monoclonal 3H9, 1:100, Chromotek) and RFP (rabbit, 1:100, Clontech). Fixation and 
immunostaining were avoided for forelegs and some proboscis samples (Figures 16 and 18); 
these were imaged immediately after dissection. To visualize synaptic neuropil regions, mouse 
monoclonal antibody for Synapsin
147
 (1:100, Developmental Studies Hybridoma Bank; Iowa 
City, IA) or rat monoclonal antibody for N-Cad (1:100, Developmental Studies Hybridoma 
Bank; Iowa City, IA) were used. For detection of primary antisera, Alexa 488-tagged goat anti-
rabbit (1:1000, Invitrogen), Alexa 488-tagged goat anti-rat (1:200, Invitrogen), Cy3-tagged goat 
anti-mouse (1:250, Jackson Immunoresearch), Cy3-tagged goat anti-rabbit (1:250, Jackson 
Immunoresearch), Cy3-tagged goat anti-rat (1:200, Jackson Immunoresearch) and Alexa 633-
tagged goat anti-mouse antisera (1:250, Invitrogen) were used. Preparations were mounted in 
Vectashield (Vector; Burlingame, CA), 70% glycerol in PBS or 70% 2, 2-thiodiethanol in PBS, 
and imaged with either an Olympus FV-1000 (brains and VNCs) or a Zeiss LSM 780 confocal 
microscope including a T-PMT device (transmitted light detector for bright field images, for 
some tarsi and proboscises). All images were processed using Fiji software
148
. For the NP-GAL4 
lines, analysis of expression was followed by image registration, performed as described 
elsewhere
149
. 
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2.3. Generation of single-cell flp-outs 
To generate single-cell flp-outs, freshly eclosed flies carrying hsp70-flp, UAS >CD2 y
+
 
>mCD8-GFP and Gr64f-GAL4 were heat-shocked in a 37 
o
C water bath for 30 min and 
dissected 4-5 days later. 
2.4. Behavioral experiments 
For the Gr-GAL4 experiments, genetic crosses were raised at 25 °C. F1 progeny were 
transferred to fresh food vials and were allowed to feed for at least 24 h prior to starvation. Flies 
were subsequently starved in moistened vials until a mortality rate of roughly 20% was achieved. 
As different genotypes vary in starvation resistance, average starvation times ranged between 31-
49 h. All flies were 3-7 days old at the time of the experiment. Testing times were distributed 
throughout the day to minimize effects of circadian rhythm on performance. Behavioral 
experiments were performed at 25.0 ± 0.3 °C and 60-70% relative humidity. 
For the NP-GAL4 experiments, driver lines that bore P-element insertions on the second 
or third chromosomes, were homozygous-viable, had readily apparent markers, showed specific 
expression patterns and bore viable progeny when crossed to UAS-Shi
ts1
 were selected. The 
crosses with UAS-Shi
ts1
 were raised at 18 °C to minimize the effects of Shi
ts1
 expression during 
development. Their F1 progeny were transferred to 25 °C 0-3 days after eclosion and kept on 
fresh food for 5-7 days prior to starvation in order to boost Shi
ts1
 expression. Starvation was 
carried out as above, with starvation times adjusted to allow a minimum of 20% mortality before 
testing. Flies were incubated at 32-34 °C for 20 min before the experiment, to ensure silencing of 
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GAL4-expressing neurons. Sugar preference was tested at 32-34 °C and 60-70% relative 
humidity. 
2.4.1. Sugar preference assay  
Mixed populations of males and females (about 30-60 flies in total) were tested for 
sucrose preference (Calbiochem) in a circular arena (∅ 76 mm). Each half of the arena was 
covered with a semicircular piece of filter paper that had previously been soaked with either 350 
μL of water or 350 μL of a 0, 0.1, 0.5, 1 or 2 M sucrose solution; filter papers were subsequently 
allowed to dry. For the NP-GAL4 experiments, a 1.7 M sucrose solution was used. The walls of 
the arena were covered with Fluon (Fluon
®
 GP1, Whitford Plastics Ltd., UK) to prevent flies 
from climbing. After introduction, flies were allowed to choose between the two sides for 1 min. 
Fly behavior was video-recorded at 20 frames per second from above (Canon EOS 500D). The 
videos were processed using Matlab and Fiji software. Automatic fly counting was done as 
previously described
109
 and the preference index (PI) was calculated as: 
(# flies on sugar # flies on water)
PI
(# flies on sugar # flies on water)



  
Pooled PI values (30-60 s) are presented for most experiments. For the NP-GAL4 experiments, 
the PIs at 60 s following introduction into the assay were manually calculated. To approximate 
the dependence of the sugar preference on starvation time and/or sucrose concentration, the 
following equation was fitted to the corresponding data: 
b
b
ax
y
c x


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In this equation, x represents starvation time or sucrose concentration and y represents PI. 
2.4.2. Proboscis extension reflex 
Starved flies were briefly anesthetized under CO2. Female flies were selected and glued 
on their back on a cover slide with nail polish. Flies were allowed to recover in a humidified 
chamber for at least 1 h prior to the experiment. After recovery, flies were presented with water 
on their tarsi and were allowed to drink ad libitum. Unresponsive flies were discarded. After the 
flies stopped responding to water, sucrose solutions were presented on the tarsi in triplicate, from 
lowest to highest concentration. Water was given after each presentation to wash the tarsi and 
ensure that flies remained water-satiated throughout. PER was scored as 0 or 1 (0: no extension; 
1: extension). To approximate the dose-response curve, the same equation as above was fitted. 
Labellar PER was performed as described elsewhere
150
. 
2.4.3. Olfactory learning  
Flies were trained and tested for immediate appetitive olfactory memory as previously 
described
108,151
. Odors (4-methylcyclohexanol and 3-octanol, diluted 1:80 and 1:100 in paraffin 
oil; Fluka, Germany) were presented in odor cups with a diameter of 14 mm. A learning index 
(LI) was calculated as the mean preference of two separate groups of reciprocally trained flies. In 
half of the experiments the first presented odor was rewarded and in the other half, the second 
presented odor was rewarded
152
. Aversive memory
152
 of starved flies using the same odors 
served as controls for intact locomotion and odor responses.  
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2.5. Quantification of fly locomotion  
Videos were acquired as described above and analyzed in Matlab. First, the region of 
interest (circular arena) was selected and RGB images were converted to grayscale. To 
distinguish flies from the background, images were binarized by applying a user-defined 
threshold. The binarized background (empty arena) was subtracted from all binarized images. 
Resulting images were eroded and dilated to remove noise
153
. A cluster of contacting pixels was 
labeled as one particle. For each particle, its area, its centroid, the diagonal length of its bounding 
box, and the eccentricity of an ellipse with the same second-moments as the particle were 
calculated. 
The likelihood for each particle representing a fly was calculated based on the diagonal 
lengths of the bounding box and eccentricity. Particles with low likelihood represented either 
flies for which the selected threshold was not appropriate, or multiple flies that were merged 
because of close proximity. The number of flies in low-likelihood particles was estimated by 
dividing their area with the average area of the high-likelihood particles. Then, the threshold was 
re-adjusted using an iterative process, until the number of particles in the region matched the 
estimated number of flies. If this did not occur after forty iterations, those low-likelihood 
particles were excluded. Ellipses were fitted to all particles as described elsewhere
154
. 
A closest neighbor approach was then used to identify individual flies in every pair of 
consecutive frames. First, a pair set was defined as all the possible pairs of ellipses between the 
two frames and the distances between the centroids of all ellipse pairs were computed. Second, 
the smallest distance was determined and the corresponding ellipses were identified as a pair. 
Third, that ellipse pair was eliminated from the pair set. The second and third steps were repeated 
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until the pair set was emptied. The maximum changes in position and angle of paired ellipses in 
consecutive frames were set to approximately 7 mm and 90
°
, respectively. Using this 
information, the change in position, angle, linear velocity, angular velocity, and absolute angular 
velocity of each ellipse were computed. 
All computations were carried out on a parallel computer LX406Re-2, which consists of 
68 nodes. Each node is equipped with a main storage of 128 GB and two groups of 12-core Intel 
Xeon processors E5-2695v2. The Matlab script outlined above was run on one node. In each 
node, parallel processing with automatic parallelization, Open Multi-Processing, or Message 
Passing Interface can be operated up to 24 parallels. The maximum computing performance per 
node becomes 460.8 GFLOPS (Giga Floating-point Operations Per Second). 
2.6. Mathematical model of sugar preference 
Flies in the sugar preference assay (Figure 7a) were assigned to four states: free to walk 
on the sugar side (FS), free to walk on the water side (FW), feeding on the sugar side (S) and 
feeding on the water side (W) (Fig. 8a). Transitions between states were reversible and 
controlled by certain rates (constants k). The preference index was obtained using: 
[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]
S FS FW W
PI
S FS FW W
  

  
  
The number of flies in each state were obtained by solving the differential equations describing 
the transitions: 
Sin
[ ]
[ ] [ ]Sout
d S
k S k FS
dt
    
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Sin
[ ]
[ ] ( )[ ] [ ]Sout SW WS
d FS
k S k k FS k FW
dt
     
[ ]
[ ] ( )[ ] [ ]SW WS Win Wout
d FW
k FS k k FS k W
dt
     
[ ]
[ ] [ ]Win Wout
d W
k FW k W
dt
    
An equilibrium was assumed to solve the differential equations and the results were substituted 
into the PI formula, thereby obtaining: 
1 (1 )
1 (1 )
A D B
PI
A D B
  

  
  
Here, ‘sugar affinity’ 
Sin SoutA k k , ‘speed ratio’ SW WSB k k  and ‘water affinity’ 
Win WoutD k k . Flies were never observed feeding on the water side, so the water affinity was set 
at an arbitrarily low level (D = 0.001). The relative contributions of sugar affinity and sugar-
induced locomotion suppression on PIs was consequently examined by varying parameters A 
and B (Figure 26b). 
To predict PIs for the Gr5a-GAL4 and Gr(64f–5a) blockades (Figs 8c, d), data from 
genetic control experiments were first used to determine values of A and B as functions of 
sucrose concentration. PER upon stimulation of the tarsi with sucrose solutions was reasoned to 
recapitulate sugar affinity A. Therefore, A was derived as a function of sucrose concentration 
from the PER data as follows. First, a sigmoidal curve was fitted to the PER data using the 
equation: 
41 
 
1
(log[ ])
1 exp( (log[ ]) )PER
PER Sucrose
slope Sucrose thrd

  
  
where slope  and PERthrd  are the parameters of the sigmoid function. Second, PER data were 
transformed to affinity using: 
(log[ ] )
1 (log[ ] )
shift
shift
PER sucrose thrd
A c
PER sucrose thrd


 
  
Here, shiftthrd  and c  are correction factors that account for the different conditions between the 
PER and sugar preference experiments (values of 0.83c   and 3.1shiftthrd   were acquired). 
The transformation produced a sugar affinity A between zero and infinity that is more 
appropriate for the model (A = 0 when 
Sin 0k   and A =   when 0Soutk  ). The speed ratio B 
was calculated from the linear velocity data of genetic controls in the presence or absence of 2 M 
sucrose. Like sugar affinity, linear velocity was assumed to be a sigmoidal function of sucrose 
concentration. Additionally, contributions of sugar affinity A and speed ratio B to sugar 
preference were quantified by simulating PIs of a theoretical sugar affinity mutant (A = D = 
0.001) and locomotion suppression mutant (B = 1; Fig. 8e). 
2.7. Statistics 
Data were evaluated using Prism software (GraphPad, San Diego, CA) as previously 
described
155
, employing Shapiro-Wilk and Bartlett’s test. Data are presented as means ± SEM if 
they are normally distributed and have equal variances and were tested with one-way ANOVA 
and Bonferroni-corrected pairwise comparisons. Data are presented as medians, with the lower 
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and upper error bars representing the first and third quartile, respectively, if they are not 
normally distributed and/or variances are not equal. In that case, the Kruskal-Wallis test and 
Dunn-corrected pairwise comparisons, the Mann-Whitney U test or the Wilcoxon signed-rank 
test were used to check for statistically significant differences. An exception was made for PER 
data, which are presented as means ± SEM for ease of visualization, even though they are not 
normally distributed. However, nonparametric statistics were applied to check differences in the 
PER data as described above. Significance levels are indicated as follows: ns P > 0.05; * P < 
0.05; ** P < 0.01; *** P < 0.001. 
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3. Results 
3.1. Sugar preference assay 
The PER assay is a popular choice for quantifying appetitive responses in insects
25
, but 
relies on stimulation of tethered flies. Therefore, the sugar preference assay
156
 (Figure 7a) was 
chosen to quantify early appetitive responses, because it simulates natural foraging better. In 
these experiments, freely walking flies were introduced into a circular arena and were allowed to 
choose between two sides, one containing sugar and one without. Flies were video-recorded 
from above, allowing subsequent quantification of locomotion (see section 3.6). 
The sugar preference assay was characterized using Canton S flies, a wild-type strain of 
Drosophila melanogaster. Starved flies (36 h) showed strong and rapid preference for 2 M 
sucrose (Figure 7b-e). The great majority of flies (roughly 90%) accumulated on the sugar side 
approximately 30 s after they were introduced in the assay (Figure 7 d, h). To quantify sugar 
 
Figure 7: The sugar preference assay. (a) Schematic of the assay. (b-e) Distribution of hungry wild-type flies (36 
h starvation) at different time points after introduction (5, 10, 30 and 60 s). The lower semicircle (sugar) was 
soaked with 350 μL of a 2 M sucrose solution and subsequently dried. 350 μL of water and drying were applied to 
the upper semicircle (water). (f-i) Same images as above after image binarization. Flies are depicted as black 
‘particles’. The border between the water/sugar sides is indicated with a dashed line. 
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preference, a threshold was applied on the grayscale videos, yielding a series of binary images in 
which flies were depicted as ‘particles’ (Figure 7f-i). These particles were automatically counted 
in each image (i.e. frame) and the PIs to sugar were computed. These analyses yielded time 
series of PIs (Figure 8a, b) 
The time series of PIs showed that sugar preference generally increased during the first 
10-20 s of the experiments and remained mostly constant thereafter (Figure 8a, b). Therefore, PIs 
between 30-60 s were pooled to quantify sugar choice (Figure 8a and 8c, d). These ‘pooled PIs’ 
(referred to as PIs hereafter for the sake of brevity) showed strong dependency on starvation time 
and sucrose concentration. Increasing starvation time led to a steady increase of PIs during the 
first 8 hours and reached a plateu between 24-48 hours (Figure 8a, c). Similarly, PIs for strongly 
starved flies rose with increasing sucrose concentrations (Figure 8b, d). Given the high signal-to-
 
Figure 8: Quantification and characterization of sugar preference in wild-type flies. (a) Time series of PIs of 
wild-type flies to 2 M sucrose and their dependence on starvation time. Darker shades of gray indicate longer 
starvation times (labeled on the right). (b) Time series of PIs of wild-type flies to different sucrose concentrations 
(labeled on the right). Flies were starved to 20% mortality (40 h starvation on average). (c) Starvation-dependency 
of pooled PIs between 30-60 s. (d) Sucrose concentration-dependency of pooled PIs between 30-60 s. n = 8-15 
per starvation interval/sucrose concentration. PI preference index. 
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noise ratio for the maximal starvation/sucrose concentration conditions, strong starvation (i.e. 
20% mortality) and a high sucrose concentration (i.e. 2 M) were chosen for subsequent 
experiments. 
3.2. Sweet taste receptor neurons are diferentially required for sugar choice 
To examine the role of different taste organs in sugar preference, seven gustatory receptor 
GAL4 lines (Gr-GAL4) were chosen. In these lines, GAL4 expression is controlled by the cloned 
promoters of different sweet GRs: Gr5a (the trehalose receptor) or six closely related GRs 
(Gr61a and 5 members of the Gr64 cluster; see also Figure 4g). These lines differentially label 
the labellum
68
 and legs
11
. These Gr-GAL4 lines were crossed to UAS-Kir2.1 flies (see section 
1.5.2) and the progeny tested with the sugar preference assay (Figure 9). 
 
Figure 9: Sweet taste receptor neurons are differentially required for sugar preference. Requirement of different 
sweet taste receptor neurons for preference to 2 M sucrose. Silencing cells in Gr64e-GAL4, Gr61a-GAL4 and Gr64f-GAL4 
with UAS-Kir2.1 impaired sucrose preference compared to genetic controls (Kruskal-Wallis test; Dunn’s post test; *** P < 
0.001). Flies with silenced Gr61a- and Gr64f-expressing cells were ‘sugar-blind’ (i.e. preference indices indistinguishable 
from zero; Wilcoxon signed-rank test, P > 0.05). n = 12-23 per group. PI preference index. 
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Blocking with different Gr-GAL4 lines differentially affected sugar preference (Figure 9). 
Only blocking with three of the lines, Gr64e-GAL4, Gr61a-GAL4 and Gr64f-GAL4 resulted in 
statistically significant sugar preference reductions. Blocking with Gr5a-GAL4 yielded a 
noticeable but statistically insignificant PI reduction, despite this line’s broad expression 
pattern
22,68
. Interestingly, blocking with Gr61a-GAL4 and Gr64f-GAL4 completely abolished 
sugar preference, as these flies’ PIs were statistically indistinguishable from zero. 
To better understand these differences, all tested Gr-GAL4 lines were crossed to UAS-
mCD8::GFP flies and the GFP expression patterns of the progeny in the gnathal ganglia and 
forelegs were examined (Figure 10). Analysis of the expression pattern highlighted three key 
findings:  
(1) Labelling of the labial nerves did not predict a sugar preference impairment, because 
blocking with Gr64c-GAL4 (Figure 10b) and Gr5a-GAL4 (Figure 10d) did not affect preference, 
or reduced it modestly (cf. Figure 9).  
 
Figure 10: Expression patterns of sweet Gr-GAL4 in the gnathal ganglia and foreleg tarsi. (a-g) Expression patterns of 
Gr-GAL4/UAS-mCD8::GFP flies in the gnathal ganglia (orange). Brains were counter-stained with ubiquitous synaptic 
marker (Synapsin, in blue). Arrows indicate ascending projections from sweet taste receptor neurons in the legs. Partial 
projections, scale bars 40 μm. (a’-g’) Expression patterns of Gr-GAL4/UAS-mCD8::GFP flies in the foreleg tarsi (orange). 
Mean of cells in tarsi is reported (top right). Strong signals in the tarsal joints are autofluorescence. Scale bars 40 μm; n = 6-
11. GNG gnathal ganglia; GFP green fluorescent protein. 
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(2) Labelling of pharyngeal nerves also failed to predict sugar preference impairment. Gr64a-
GAL4, which exclusively labelled these nerve terminals in the brain (Figure 10c) but no cells in 
the foreleg tarsi (Figure 10c’), did not show a PI decrease upon blockade (cf. Figure 9).  
(3) Labelling of the maximum number of cells in the foreleg tarsi was the best predictor of a 
strong sugar preference phenotype. Gr61a-GAL4 and Gr64f-GAL4, both of which labeled the 
maximum number of cells in the forelegs (approx. 12 cells, Figure 10f, g) were sugar-blind upon 
blockade. 
Taken together, these results suggest that sweet taste receptor neurons in the forelegs are more 
important than those in the labellum or pharynx for sugar preference. 
3.3. Gr64f and Gr5a lines label overlapping but distinct populations of cells 
Gr5a-GAL4 broadly labels sweet 
GRNs (Figure 10d, d’), including sweet 
GRNs in all labellar taste hairs
68
 and the 
majority of foreleg taste hairs
11
. Additionally, 
killing Gr5a-GAL4 cells results in reduction 
of PER probability upon stimulating the legs 
with a 5 mM sucrose solution
22
. Surprisingly, 
blocking with Gr5a-GAL4 only yielded a 
modest (but statistically not significant) 
decrease in sucrose preference (Figure 9). On 
the other hand, Gr64f-GAL4, which gave a 
 
Figure 11: Comparison of Gr5a-GAL4 (green) and 
Gr64f-GAL4 (red) expression in the central nervous 
system. (a) Expression of Gr5a-GAL4/UAS-
mCD8::GFP. (b) Expression of Gr64f-GAL4/UAS-
mCD8::GFP. Partial projections, scale bars 40 μm. 
GNG gnathal ganglia; PN prothoracic ganglia. 
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Gr5a
GNG
PN
b
Gr64f
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complete phenotype (Figure 9), only labels a few additional cells in the LSO
27
 and tarsi
11
 (also 
see Figure 10g, g’).  
To better understand these subtle differences, the expression patterns of Gr5a-GAL4 and 
Gr64f-GAL4 in the CNS were examined in greater detail (Figure 11). As expected, both lines 
labeled inputs from the labellum and legs. However, only Gr64f-GAL4 labeled brain-projecting 
cells that sent axons through the VNC and CvC and terminated in the posterior GNG (Figure 
11b). Interestingly, these brain-projecting cells were included in all Gr-GAL4 lines that yielded 
strong sugar preference defects upon blockade (Figure 10e-g, arrows). 
To contrast these GRN populations in the same fly, Gr64f-GAL4 and a LexA line, Gr5a-
LexA, which has been previously used to label Gr5a-expressing cells
101
, were used for two-color 
labeling. Examination of expression in the CNS and the periphery showed that the two lines 
 
Figure 12: Comparison of Gr5a-LexA and Gr64f-GAL4 in the same fly. Expression patterns of a Gr5a-LexA/ 
LexAop-mCD8::GFP UAS-mCD8::RFP; Gr64f-GAL4/+ fly in: (a) the gnathal ganglia (b) the ventral nerve cord 
and (c) the fifth tarsal segment of the foreleg. Arrowheads indicate projections from ascending tarsal gustatory 
receptor neurons (in (a)) and their cell bodies (in (c)). Arrow indicates projections from the wings in (b). Partial 
projections, scale bars 40 μm (a, b) or 20 μm (c). PN prothoracic ganglia; MN mesothoracic ganglia; MtN 
metathoracic ganglia; AC abdominal center. 
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greatly overlap (Figure 12). Both lines labeled the labial nerves (Figure 12a, yellow), in line with 
data showing that the respective GAL4s innervate all labellar taste hairs
68
. In the VNC, only 
Gr5a-LexA labeled projections from wing GRNs (Figure 12b, arrow). Nevertheless, both lines 
labeled projections from leg GRNs (9-10 cells in the foreleg) that terminated in the pro-, meso- 
and metathoracic ganglia (Figure 12b, yellow). A few additional cells (2-4 in the foreleg), 
labeled only by Gr64f-GAL4, had cell bodies in the fifth tarsal segment (Figure 12c, arrowheads) 
and projected towards the brain (Figure 12a, b, red). These two anatomically distinct groups cells 
will be hereafter referred to as segmental tarsal GRNs (stGRNs) or ascending tarsal GRNs 
(atGRNs), for the VNC-projecting and brain-projecting neurons, respectively. 
Finally, to examine stGRN/atGRN projection patterns in detail, the single-cell flp-out 
technique
142
 was used to stochastically label Gr64f-GAL4 positive neurons. As Gr64f-GAL4 
labels both tarsal populations, this approach allowed examination of the projections of both 
stGRNs and atGRNs in the CNS (Figure 13). Interestingly, stGRNs and atGRNs showed axon 
collaterals in the thoracic ganglia, which presumably intermingle between the two groups. Taken 
 
Figure 13: Single-cell labeling of tarsal gustatory receptor neurons in the central nervous system. (a) 
Distinct projections of an ascending (right; arrowhead) and a segmental (left; arrow) tarsal gustatory receptor 
neuron in the prothoracic ganglia of the ventral nerve cord. Note axon collaterals in both cells. (b) Projection of 
an ascending tarsal gustatory receptor neuron in the gnathal ganglia (arrowhead). Partial projections; scale bars 
20 μm. PN prothoracic ganglia; MN mesothoracic ganglia. 
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Figure 14: Expression pattern of Gr(64f–5a) flies. 
(a) Schematic of the intersectional ‘subtraction’ 
approach. (b-f) Expression pattern of Gr(64f–5a) in 
the foreleg (b), the fifth tarsal segment of the foreleg 
(c, c’), the proboscis (d), the labral sense organ (d’), 
the gnathal ganglia (e) and the ventral nerve cord (f). 
UAS-mCD8::GFP orange; blue Synapsin. z-stack 
projections; scale bars 40 μm. 
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together, these anatomical analyses highlight two distinct populations of sweet GRNs in the legs 
of Drosophila. 
3.4. An intersectional approach selectively 
labels ascending tarsal GRNs 
The Gr-GAL4 screen results (Figures 9 
and 10) suggested that atGRNs are critical for 
sugar preference. Indeed, all 3 Gr-GAL4s that 
yielded statistically significant decreases of PI 
upon blockade (Gr64e-GAL4, Gr61a-GAL4 
and Gr64f-GAL4) labeled these cells. 
However, these lines also labeled additional 
cells, including stGRNs. Therefore, an 
intersectional strategy was used to more 
selectively manipulate atGRNs (Figure 14a). 
 To refine the Gr64f-GAL4 expression 
pattern, Gr5a-LexA and LexAop-GAL80 were 
introduced to ‘subtract’ the Gr5a pattern 
(Figure 14a; see also section 1.5.3). For 
brevity, this approach will be referred to as 
Gr(64f–5a) hereafter. As both lines label the 
same labellar GRNs
68
 and all stGRNs (Figure 
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12), this approach should primarily target atGRNs. To test this, the UAS-mCD8::GFP expression 
with Gr(64f–5a) in the CNS and periphery were examined (Figure 14).  
As expected, this approach labeled only a small population of 2-4 cells in the distal-most 
tarsal segment of the foreleg (Figure 14b-c’) that had ascending projections in the CNS (Figure 
14e, f). Although the labellum and the labellar nerves were not labeled (Figure 14d, e), Gr(64f–
5a) additionally labeled four cells in the LSO. Moreover, these experiments revealed that 
atGRNs innervate a pair of short, distal-most ventral taste hairs in the fifth tarsal segment of the 
foreleg (Figure 14c, c’). These are likely the taste hairs identified by others as 5V155 or f5v11, 
which were shown to contain the leg GRNs with the highest sugar sensitivity. 
3.5. Ascending sweet taste receptor neurons in the tarsi are required for early appetitive 
responses 
As the genetic subtraction approach labeled atGRNs more selectively than any of the Gr-
GAL4 lines (Figure 10), Gr(64f–5a) was used with UAS-Kir2.1 to silence these cells. 
Consequently, several appetitive behaviors were tested (see below). Performance was compared 
with the results obtained by blocking with Gr5a-GAL4 in parallel, to better contrast requirements 
for the two non-overlapping populations of sweet taste receptor neurons. 
 Blocking with Gr(64f–5a) yielded a strong, but incomplete, sucrose preference reduction 
across the concentration range (Figure 15a). In contrast, blocking the sum of labellar GRNs and 
stGRNs with Gr5a-GAL4 yielded a more modest effect, which failed to reach statistical 
significance (Figure 15b). Taken together, these results suggest that:  
(1) atGRNs are not tuned to specific concentrations of sugar (i.e. high or low);  
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Figure 15: atGRNs are required for sugar preference and feeding initiation. (a) Sucrose preference was 
significantly reduced upon blocking Gr(64f–5a) cells at 0.5 M, 1 M and 2 M sucrose (Kruskal-Wallis test; Dunn’s 
post test; ** P < 0.01; *** P < 0.001). n = 9–21 per group. Driver line control Gr64f-GAL4/+, Gr(64f–5a) block 
Gr5a-LexA/+; Gr64f-GAL4/LexAop-GAL80; UAS-Kir2.1/+, effector line control Gr5a-LexA/+; LexAop-
GAL80/+; UAS-Kir2.1/+. (b) Sucrose preference showed a small, statistically not significant decrease when 
blocking with Gr5a-GAL4 (Kruskal-Wallis test; Dunn’s post test; P > 0.05). n = 11–21 per group. Driver line 
control Gr5a-GAL4/+, Gr5a-GAL4 block Gr5a-GAL4/UAS-Kir2.1, effector line control UAS-Kir2.1/+. (c) 
Proboscis extension reflex probability following stimulation of the legs with 1 mM and 10 mM sucrose was 
significantly reduced when blocking with Gr(64f–5a) (Kruskal-Wallis test; Dunn’s post test; ** P < 0.01; *** P < 
0.001).  n = 20–50 flies per group. Genotypes as in (a). (d) Proboscis extension reflex probability following 
stimulation of the legs was not significantly impaired upon blocking Gr5a-GAL4 cells (Kruskal-Wallis test; 
Dunn’s post test; P > 0.05). n = 35–58 flies per group. Genotypes as in (b). PI preference index; PER proboscis 
extension reflex. 
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(2) only blocking all sweet GRNs in the legs results in ‘sugar-blind’ flies (cf. Figure 9 and 15a);  
(3) atGRNs are more important than stGRNs when it comes to sugar preference and 
(4) stGRNs may nevertheless still play a smaller role in sugar preference. 
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Figure 16: Comparison of Gr64f-LexA and Gr64a-GAL4 expression in the proboscis and brain. Expression 
pattern of Gr64a-GAL4/UAS-mCD8::RFP; Gr64f-LexA/LexAop-rCD2::GFP flies in the proboscis (a), labellum 
(b), labral sense organ (c) and gnathal ganglia (d). Both lines co-label the labral sense organ and its projections to 
the gnathal ganglia (yellow; arrows and arrowheads in (d)). Green GFP; red RFP; blue ubiquitous neuropile 
marker (N-Cad). Partial projections; scale bars 100 μm (a, b), 20 μm (c) or 30 μm (d). Lab labellum; LSO labral 
sense organ. 
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Gr64f
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Freely-walking flies in the sugar preference assay can extend their proboscises towards 
the sugar side and ingest sugar. Therefore, the contributions of additional non-tarsal GRNs, 
namely LSO GRNs in Gr(64f–5a) (Figure 14d, d’) and labellar GRNs in Gr5a-GAL4 (Figure 
11a), cannot be excluded. To focus on the role of tarsal GRNs, flies were tethered and only the 
legs were stimulated with sucrose solutions. Such stimulation typically produces extension of the 
proboscis in hungry flies, the first step in feeding
25
. In line with the sugar preference results, PER 
probability was greatly decreased when atGRNs were blocked (Figure 15c), but was only 
marginally affected when stGRNs were blocked (Figure 15d). Therefore, atGRNs, but not 
stGRNs, are required for feeding initiation. 
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Figure 17: Blocking with Gr(64f–5a) leaves labellar sweet taste receptor neurons functionally intact. (a) 
Blocking with Gr5a-GAL4 abolishes proboscis extension reflex in response to labellar stimulation with a 200 mM 
sucrose solution (Kruskal-Wallis test; Dunn’s post test; *** P < 0.001). Proboscis extension reflex probability was 
statistically indistinguishable from zero (Wilcoxon signed-rank test, P > 0.05). n = 40 flies per group. Driver line 
control Gr5a-GAL4/+; Gr5a-GAL4 block Gr5a-GAL4/UAS-Kir2.1; Effector line control UAS-Kir2.1/+. (b) 
Blocking with Gr(64f–5a) did not affect proboscis extension reflex probability when the labellum was stimulated 
with sucrose solutions (Kruskal-Wallis test; Dunn’s post test; P > 0.05). n = 31–43 flies per group. Driver line 
control Gr64f-GAL4/+, Gr(64f–5a) block Gr5a-LexA/+; Gr64f-GAL4/LexAop-GAL80; UAS-Kir2.1/+, effector 
line control Gr5a-LexA/+; LexAop-GAL80/+; UAS-Kir2.1/+. PER proboscis extension reflex. 
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To further exclude a role for the GRNs in the LSO in sugar preference, the Gr64f-
expressing cells were examined in greater detail. As stated earlier, Gr64a-GAL4 exclusively 
labeled pharyngeal nerves (Figure 10c, c’), but its blockade did not result in PI reduction (Figure 
9), arguing against a role for these cells in sugar preference. To check if the same cells are 
labeled by a Gr64f line, the expression patterns of Gr64a-GAL4 and Gr64f-LexA were compared 
with double labeling (Figure 16). Both lines labeled the same four cells in the LSO but no cells 
in the DCSO/VCSO (Figure 16a), similarly to the Gr(64f–5a) strategy (Figure 14d, d’) and in 
agreement with a recent study
27
. Additionally, these lines co-labeled nerves projecting from the 
pharynx to the brain and their terminals (Figure 16d, arrows and arrowheads respectively). 
Therefore, the sugar preference defect with the Gr(64f–5a) blockade should be attributed to the 
atGRNs. 
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To ensure that the Gr(64f–5a) 
strategy left Gr5a-expressing cells 
intact, stimulation of the labellum 
was used to test whether labellar 
GRNs remained functional. Blocking 
with Gr5a-GAL4 was expected to 
abolish PER in response to 
stimulation of the labellum, because 
all taste hairs are labeled by this 
line
68
. In contrast, blocking with 
Gr(64f–5a) should leave labellar 
GRNs intact (Figure 14d-e). These 
predictions were validated by the 
experiments (Figure 17), showing 
that only the function of Gr64f-
positive, Gr5a-negative cells was 
manipulated with the ‘subtraction’ 
Gr(64f–5a) approach. Additionally, 
these results confirmed that sweet 
GRNs can be effectively silenced with Gr5a-GAL4. 
Another line, Gr43a-GAL4, has been reported to label atGRNs, in addition to multiple 
sweet taste receptor neurons in the brain and other internal organs
11,59,157
. However, blocking 
with this line did not alter sugar preference (Figure 18a). Off-target cells labeled by Gr43a-GAL4 
 
Figure 18: Behavioral and anatomical characterization of Gr43a-
GAL4. (a) Blocking with Gr43a-GAL4 did not alter preference index to 
2 M sucrose (Kruskal-Wallis test; Dunn’s post test; P > 0.05). n = 11–
12 per group. (b-l) Expression patterns of Gr43a-GAL4/UAS-
mCD8::RFP; Gr64f-LexA/LexAop-rCD2::GFP flies in the brain (b), 
gnathal ganglia (c), ventral nerve cord (d), proboscis (e), labellum (f), 
labral sense organ (g), ventral cibarial sense organ (h), fifth tarsal 
segment of the foreleg (i), foregut/proventriculus (j) and uterus (k, l). 
Note additional expression of Gr43a-GAL4 in internal GRNs (red). 
Partial projections, scale bars 100 μm (b, d, e, k), 50 μm (c, f, i, j) or 10 
μm (g, h, l).GFP green fluorescent protein, green; RFP red fluorescent 
protein, red; blue ubiquitous neuropile marker (N-Cad); Lab labellum; 
LSO labral sense organ; VCSO ventral cibarial sense organ; PV 
proventriculus; FG foregut. 
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are not labeled by Gr64f-LexA (Figure 18b-
l), suggesting that this discrepancy can be 
attributed to silencing of internal GRNs in 
the brain or elsewhere. In line with this 
interpretation, the Amrein lab showed that 
blocking brain cells in Gr43a-GAL4 
specifically leads to overconsumption of a 
nutritive sugar
59
. Taken together, these 
results suggest that the genetic ‘subtraction’ 
strategy is more specific and therefore more 
appropriate for addressing the role of 
atGRNs. Indeed, the Gr(64f–5a) phenotype 
was duplicated by Gr(61a–5a) (Figure 19), 
which labels the same cells
11
 (Figure 10f, f’). 
In addition to driving early appetitive responses, sugar can also lead to the formation of 
appetitive olfactory memory
108
. To test if subsets of sweet GRNs were differentially required for 
sugar-odor learning, flies with blocked Gr5a-GAL4 or Gr(64f–5a) cells were trained with a 2 M 
sucrose reward (identical to the preference assay experiments in Figure 9) and consequently 
tested for short-term memory (Figure 20a, b). Blocking atGRNs with Gr(64f–5a) significantly 
reduced appetitive memory. In contrast, blocking the sum of labellar and stGRNs with Gr5a-
GAL4 had no effect. Importantly, the observed effects were not the results of general defects in 
odor perception or learning, as both experimental groups performed well in aversive odor-
electric shock conditioning (Figure 20c, d). The simplest interpretation of these results is that 
 
Figure 19: Blocking atGRNs with Gr(61a–5a) 
decreases 2 M sucrose preference. The decrease was as 
severe as the blockade with Gr(64f–5a) (Kruskal-Wallis 
test; Dunn’s post test; * P < 0.05; *** P < 0.001; ns P > 
0.05). n = 15-21 per group. Gr61a-GAL4 control Gr61a-
GAL4/+, Gr(61a–5a) block Gr5a-LexA/+; Gr61a-
GAL4/LexAop-GAL80; UAS-Kir2.1/+, effector line 
control Gr5a-LexA/+; LexAop-GAL80/+; UAS-Kir2.1/+, 
Gr(64f–5a) block Gr5a-LexA/+; Gr64f-GAL4/LexAop-
GAL80; UAS-Kir2.1/+, Gr64f-GAL4 control Gr64f-
GAL4/+. 
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early appetitive responses controlled by atGRNs, such as feeding initiation, are essential for 
sugar reward. 
 
3.6. Sugar detection triggers rapid suppression of locomotion 
The lack of a strong requirement for the stGRNs in all the appetitive behaviors tested 
suggested that these cells control other aspects of feeding behavior. Because stGRNs project 
 
Figure 20: Blocking atGRNs impairs short-term appetitive olfactory learning. (a) Short-term appetitive 
olfactory memory was abolished when atGRNs were blocked with Gr(64f–5a) (one-way ANOVA; Bonferroni’s 
multiple comparison test; ** P < 0.01). n = 11–12 per group. Driver line control Gr64f-GAL4/+, Gr(64f–5a) block 
Gr5a-LexA/+; Gr64f-GAL4/LexAop-GAL80; UAS-Kir2.1/+, effector line control Gr5a-LexA/+; LexAop-
GAL80/+; UAS-Kir2.1/+. (b) Short-term appetitive olfactory memory was not affected when labellar GRNs and 
stGRNs were blocked with Gr5a-GAL4 (one-way ANOVA; Bonferroni’s multiple comparison test; P > 0.05). n = 
9–10 per group. Driver line control Gr5a-GAL4/+; Gr5a-GAL4 block Gr5a-GAL4/UAS-Kir2.1; Effector line 
control UAS-Kir2.1/+. (c) Short-term aversive memory was not changed when Gr(64f–5a) cells were blocked 
(one-way ANOVA; Bonferroni’s multiple comparison test; P > 0.05). n = 8 per group. Genotypes as in (a). (d) 
Short-term aversive memory was not changed when Gr5a-GAL4 was blocked (one-way ANOVA; Bonferroni’s 
multiple comparison test; P > 0.05). n = 8 per group. Genotypes as in (b). LI learning index. 
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locally in the VNC, it is possible that they interact with neuronal networks controlling 
locomotion. In line with this hypothesis, flies from the Gr5a-GAL4 blockade were observed to be 
restless on the sugar side of the preference assay, despite the fact that they did not show a strong 
defect in sugar choice (Figures 9 and 15b). 
Wild-type flies and genetic control groups were observed to move more slowly, or even 
cease moving entirely, after crossing over to the sugar side of the sugar preference assay. To 
simplify the paradigm, the choice was eliminated by testing flies either in the absence (Figure 
21a) or in the presence (Figure 21b) of 2 M sucrose. The same stimulus was used in the sugar 
preference assay (Figure 9), making results from these experiments comparable. Even without 
quantification, it was evident that wild-type flies greatly suppressed their locomotion in the 
presence of 2 M sucrose (Figure 21). 
To quantify locomotion, an algorithm was developed to analyze videos of fly behavior. 
Briefly, flies were detected by applying a threshold, similarly to the sugar preference videos 
(Figure 7b-i). Consequently, ellipses were fitted to the flies and flies were paired between 
 
Figure 21: Hungry wild-type flies suppress their locomotion in the presence of sugar. (a) Locomotion of starved 
Canton S flies in the absence of sugar. (a’) Blow-up of (a). (b) Locomotion of starved Canton S flies in the presence of 2 M 
sucrose. (b’) Blow-up of (b). Images represent one second of fly movement behavior, sampled at 20 frames per second. 
Frames are color-coded according to the inset of panel (a) and overlaid. Immobile flies are thus shown in white. x = 55 s in 
(a); x = 57 s in (b). Scale bars 3 mm. 
 
a a' b b'
Water Sugar
x x + 1 (s)
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consecutive frames using a closest neighbor approach. Finally, the changes in centroid position 
and body axis angle were computed for each fly and the linear and angular velocities were 
calculated from these parameters (Figure 22a, b). The accuracy of pairing flies was assessed by 
examining over a thousand fly pairs from random video frames. Pairing was done correctly for 
the majority of the flies, but there were errors in rare cases (error rate 0.7%). Additionally, the 
body axis angle and center of flies were validated by examining a hundred random flies. The 
error rates in these parameters were 2.2 ± 0.2
o
 and 0.108 ± 0.006 mm (approx. 5% of body 
length), respectively. These errors are comparable to those of a fly tracking algorithm
158
 and 
were deemed acceptable to allow further analyses. 
 
Figure 22: Quantification of sugar-induced suppression of locomotion in wild-type flies. (a) Calculation of 
linear velocity by computing the change in the centroid position in ellipse-fitted flies (Δx). (b) Calculation of 
angular velocity by computing the change in the major axis’ angle in ellipse-fitted flies (Δθ). (c) Time series of 
average linear velocity of starved wild-type flies in the presence (black) or absence (gray) of 2 M sucrose. (d) 
Time series of average absolute angular velocity of starved wild-type flies in the presence (black) or absence 
(gray) of 2 M sucrose. (e) Average linear velocity between 30-60 s of starved wild-type flies in the presence (dark 
gray) or absence (light gray) of 2 M sucrose. Sucrose significantly reduced average linear velocity (Mann-
Whitney U tests; *** P < 0.001). (f) Average absolute angular velocity between 30-60 s of starved wild-type flies 
in the presence (dark gray) or absence (light gray) of 2 M sucrose. Sucrose significantly reduced angular velocity 
(Mann-Whitney U tests; *** P < 0.001). n = 11-12. t0 starting time; t1 time in subsequent frame (typically 0.05 s 
later); Δx change in centroid position; Δθ change in major axis’ angle. 
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Quantification of locomotion of hungry, wild-type flies revealed that sugar-induced 
locomotion suppression is strong and robust and reflected in both the linear and absolute angular 
velocities of the flies (Figure 22c-f). In the absence of sugar, locomotion was initially high, 
perhaps reflecting a startle response accompanying aspiration of the flies into the arena. Both 
linear and absolute angular velocity gradually dropped, mostly stabilizing after 30 s (Figure 22c, 
d). In comparison, locomotion was consistently lower in the presence of sugar and the initial 
high-locomotion startle response was not observed (on the contrary, locomotion dropped 
immediately after introduction into the arena, Figure 22c, d). Because both parameters were 
stabilized after 30 s, they were pooled between 30-60 s (pooling interval in Figure 22c) and an 
average linear velocity and absolute angular velocity were calculated (Figure 22e, f). Both 
parameters were significantly reduced in the presence of sugar. 
3.7. Segmental tarsal sweet taste receptor neurons are required for sugar-induced 
locomotion suppression. 
Blocking the sum of labellar sweet GRNs and stGRNs with Gr5a-GAL4 revealed that 
these cells were necessary for sugar-induced suppression of turning (Figure 23a-d) and walking 
(Figure 24). Strikingly, sugar-induced suppression of turning was entirely abolished (Figure 
23d). On the other hand, linear velocity was noticeably, albeit not significantly, decreased in the 
presence of sugar, suggesting that atGRNs are also involved in locomotion suppression, at least 
to a more limited extent (Figure 24). In contrast, when atGRNs were blocked using Gr(64f–5a), 
flies were still able to suppress turning on sugar (Figure 23e-h) and showed a significantly 
reduced linear velocity in the presence of sugar (Figure 24). These results suggest that stGRNs 
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are more crucial than atGRNs for sugar-induced locomotion suppression, in surprising contrast 
to their more limited role in sugar preference and feeding initiation (Figure 15b, d).  
Because Gr5a-GAL4 includes sweet taste receptor neurons in the labellum in addition to 
labeling stGRNs, it is possible that labellar GRNs are involved in the sugar-induced suppression 
of locomotion. To test this possibility, another intersectional approach was used to limit silencing 
to the labellum. A line driving flippase expression in the head, otd-nls-FLPo
144,159
, along with an 
ubiquitously-expressing, FRT-flanked GAL80 line (tub>GAL80>) were used in conjunction 
with Gr5a-GAL4 and UAS-Kir2.1 to limit silencing to the labellum (see also section 1.5.3). 
These flies showed normal sugar-induced locomotion suppression (Figure 25), indicating that 
 
Figure 23: Gr5a cells are necessary for sugar-induced turning suppression. (a-c) Examples of locomotion of 
Gr5a-GAL4/+ (a), Gr5a-GAL4/UAS-Kir2.1 (b) and UAS-Kir2.1/+ (c) flies during half-second intervals (x = 46.4 s 
in (a); x = 55.5 s in (b); x = 50 s in (c)). Flies from different frames are color-coded according to time (inset of 
panel (c)). (d) Average absolute angular velocity of all flies between 30-60 s of the experiments in the absence 
(light gray) or presence (dark gray) of 2 M sucrose. Sucrose significantly reduced angular velocity for genetic 
controls, but not for the experimental group (Mann-Whitney U tests; *** P < 0.001; ns P > 0.05). n = 15-17. (e-g) 
Examples of locomotion of Gr64f-GAL4/+ (e), Gr5a-LexA/+; Gr64f-GAL4/LexAop-GAL80; UAS-Kir2.1 (f) and 
Gr5a-LexA/+; LexAop-GAL80/+; UAS-Kir2.1 (g) flies during half-second intervals (x = 49.5 s in (e); x = 47.6 s in 
(f); x = 51.7 s in (g)). Flies are color-coded as in (a-c). (h) Average absolute angular velocity of all flies between 
30-60 s of the experiments in the absence (light gray) or presence (dark gray) of 2 M sucrose. Sucrose 
significantly reduced angular velocity for all groups (Mann-Whitney U tests; *** P < 0.001; ** P < 0.01). n = 8-
11. Scale bars 3 mm. 
0
20
40
60
80
100
A
b
s
o
lu
te
 a
n
g
u
la
r 
v
e
lo
c
it
y
 (
o
/s
)
***
ns
***
Gr5a-GAL4
block
a b c
Driver line
control
Effector line
control
S
u
g
a
r
d
Water Sugar
x x + 0.5 (s)
0
20
40
60
80
100
A
b
s
o
lu
te
 a
n
g
u
la
r 
v
e
lo
c
it
y
 (
o
/s
)
***
***
**
Gr(64f–5a)
block
Driver line
control
Effector line
control
x x + 0.5 (s)
Water Sugar
S
u
g
a
r
h
e f g
62 
 
stGRNs, and not the labellar GRNs, are responsible 
for controlling locomotion suppression upon sugar 
detection. 
Taken together, these findings support the 
idea that both sets of tarsal GRNs, atGRNs and 
stGRNs, are required for different aspects of the early 
appetitive response to sugar. atGRNs are more crucial 
in feeding initiation (Figure 15c), whereas stGRNs 
are tuned to controlling locomotion suppression upon 
sugar encounter (Figures 23-25). Both of these 
behaviors are important for sugar choice, as blocking 
either GRN population yielded a decrease in 
preference (Figures 9 and 15a, b). However, feeding 
initiation appears to be more important than sugar-
induced locomotion suppression, as the effect of 
atGRN blockade was more severe. Finally, only 
blocking both populations of tarsal GRNs in the legs abolishes sugar responses (Figure 9), 
suggesting a non-linear interaction between these two classes of sweet taste receptor neurons. 
 
Figure 24: Gr5a cells are necessary for sugar-
induced linear velocity suppression. Average linear 
velocity of all flies between 30-60 s of the experiment 
in the absence (light gray) or presence (dark gray) of 2 
M sucrose. (a) Blocking with Gr5a-GAL4 did not 
result in a statistically significant sugar-induced 
locomotion suppression, in contrast to genetic 
controls (Mann-Whitney U tests; *** P < 0.001; ns P 
> 0.05). Driver line control Gr5a-GAL4/+, Gr5a-
GAL4 block Gr5a-GAL4/UAS-Kir2.1, effector line 
control UAS-Kir2.1/+. n = 15-17. (b) Blocking with 
Gr(64f–5a) yielded statistically significant sugar-
induced locomotion suppression (Mann-Whitney U 
tests; *** P < 0.001). Driver line control Gr64f-
GAL4/+, Gr(64f–5a) block Gr5a-LexA/+; Gr64f-
GAL4/LexAop-GAL80; UAS-Kir2.1/+, effector line 
control Gr5a-LexA/+; LexAop-GAL80/+; UAS-
Kir2.1/+. n = 8-11. 
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3.8. A mathematical model accurately predicts sugar preference 
To understand the mechanism by which sugar preference is controlled, a dynamic state 
transition model was devised to mathematically predict PIs. In this model, inspired by chemical 
 
Figure 25: Sweet taste receptor neurons in the labellum are not required for sugar-induced locomotion 
suppression. (a-c) Examples of locomotion of Gr5a-GAL4/+; tub>GAL80>/+ (a), Gr5a-GAL4/otd-nls-FLPo; 
tub>GAL80>/ UAS-Kir2.1 (b) and otd-nls-FLPo/+; UAS-Kir2.1/+ (c) flies during half-second intervals (x = 56 s 
in (a); x = 51.8 s in (b); x = 31.6 s in (c)). Flies from different frames are color-coded according to time (inset of 
panel (c)). (d) Average absolute angular velocity of all flies between 30-60 s of the experiments in the absence 
(light gray) or presence (dark gray) of 2 M sucrose. Sucrose significantly reduced angular velocity for all groups 
(Mann-Whitney U tests; *** P < 0.001; ** P < 0.01; * P < 0.05). (e) Average linear velocity of all flies between 
30-60 s of the experiments in the absence (light gray) or presence (dark gray) of 2 M sucrose. Sucrose 
significantly reduced angular velocity for all groups (Mann-Whitney U tests; ** P < 0.01). n = 13-14; scale bars 3 
mm. 
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equilibriums, flies were assigned to the mutually exclusive ‘free to walk’ and ‘feeding’ states on 
the sugar and water sides, for a total of four states (Figure 26a). By definition, only the flies in 
the ‘free to walk’ states (FS and FW in Figure 26a) can cross the border and therefore move from 
one side to the other. ‘Free to walk’ flies can also transition to a ‘feeding’ state on either side (S 
and W in Figure 26a). Transitions between the four states are controlled by certain rates 
(constants k on the transition arrows in Figure 26a). 
 
Figure 26: A mathematical model can predict sugar preference. (a) Graphical depiction of the model. Flies can 
reversibly transition between ‘free to walk’ (FS and FW) and ‘feeding’ states (S and W) on the sugar and water 
sides of the preference assay. The transitions (arrows) are controlled by constant transition rates k. (b) Effect of the 
sugar/water speed and affinity ratios on the sugar preference index. (c) Quantitative prediction of the model for the 
Gr5a-GAL4 blockade. Actual data are also shown (open circles) for comparison. (d) Quantitative prediction of the 
model for the Gr(64f–5a) blockade. Actual data are also shown (open circles) for comparison. (e) Effect of loss of 
sugar-induced locomotion suppression (blue), loss of sugar affinity (red) and both (magenta) on the preference 
indices of wild-type flies (black). FS freely moving on sugar; FW freely moving on water; S feeding on sugar; W 
feeding on water;PI preference index. 
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Transition rates between the ‘free to walk’ states (FS and FW) were equated to the linear 
velocities on sugar and on water (Figure 24). Their sugar/water ratio will be referred to as ‘speed 
ratio’ hereafter. Additionally, the ratio of the transitions between each ‘free to walk’ and the 
corresponding ‘feeding’ state (kin/kout in Figure 26a) was assumed to represent stimulus affinity. 
Stimulus affinity was therefore derived from the PER data (Figure 15c, d). The sugar/water 
affinity ratio will be referred to as ‘affinity ratio’ hereafter. 
The effect of the speed ratio and affinity ratio on the sugar preference was examined by 
calculating the PIs for different values of the two ratios (Figure 26b). Sugar preference was 
dependent on both parameters, but showed greater dependence on the affinity ratio. This is in 
line with neuronal silencing experiments, which showed that blocking atGRNs (controlling PER, 
i.e. affinity) had a greater effect on preference than blocking stGRNs (controlling speed). Next, 
experimental data (shown in Figures 15c, d and 24) were inputted to the model to predict the PI 
dose-response curves for the Gr5a-GAL4 and Gr(64f–5a) blockades (Figure 26c, d). The model 
was successful in making accurate quantitative predictions, as experimental data were in good 
agreement with theoretical values. Finally, three theoretical cases were examined: 
(1) Sugar affinity is abolished (i.e. affinity ratio = 1).  
(2) Sugar-induced locomotion suppression is abolished (i.e. speed ratio = 1). 
(3) Both behaviors are abolished (i.e. affinity ratio = speed ratio = 1).  
Once again, the results showed that loss of affinity had a greater effect on sugar preference than 
loss of sugar-induced locomotion suppression (Figure 26e). Importantly, sugar preference was 
entirely abolished only when both behaviors were abolished. These results highlight the non-
linear interaction between distinct populations of tarsal GRNs and correctly predict that only by 
66 
 
blocking all tarsal GRNs (e.g. with Gr61a-GAL4 and Gr64f-GAL4, Figure 9) will sugar 
preference be completely abolished. 
3.9. A neuronal silencing screen reveals candidate neurons for sugar preference 
To identify additional components of the circuit that drives early appetitive responses, a 
large-scale neuronal silencing screen was conducted using the sugar preference assay (Figure 
7a). This functional screen utilized GAL4 lines from the NP collection (NP-GAL4s)
145
. Initially, 
lines with homozygous-viable GAL4 insertions on the second or third chromosomes and 
relatively narrow expression patterns in the brain were chosen (1081 lines; Figure 27a). These 
lines were crossed to UAS-Shi
ts1
 and their progeny were starved and tested for sugar preference 
  
Figure 27: A neuronal silencing screen for identification of neurons involved in sugar preference. (a) Schematic 
outlining the strategy for identification of enhancer-trap GAL4 lines labeling neurons required for sugar preference. 
Numbers in the ellipses indicate the number of NP-GAL4 lines examined at each stage of selection. (b) Preference indices 
of silenced NP-GAL4 lines to 1.7 M sucrose (gray) compared to the UAS-Shi
ts1
 genetic control (white). Only the 40 lines 
with the lowest preference indices are shown. Except for one case (ns; not significant), blocking with UAS-Shi
ts1
 
significantly reduced sugar preference (two-sample t-test assuming unequal variances; P < 0.05). On average, 6 
experiments per group were performed. PI @ 60 s Preference Index 60 s after fly introduction into the sugar preference 
assay. 
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by Dr. Christine Damrau
156
. This preliminary screen isolated 158 lines defective in sugar 
preference (Figure 27a). 
To confirm these results and exclude false positives, a more thorough secondary screen 
was carried out using UAS-Shi
ts1
 to silence neurons in candidate GAL4s. In contrast to the 
primary screen, which focused on high throughput
156
, the secondary screen focused on assessing 
reproducibility through multiple experiments per line and improved quantification over the 
primary screen. Overall, this multi-step selection process (summarized in Figure 27a) yielded 60 
NP-GAL4 lines: 40 lines which showed strong PI reduction (Figure 27b) and 20 lines with milder 
impairments but more specific expression patterns. These lines showed no visible locomotion 
defect even after prolonged inactivation and should therefore label neurons required for sugar 
preference. 
To identify candidate neurons required for sugar preference in these NP-GAL4s, GAL4 
expression in the periphery, brain and VNCs was analyzed in detail. Additionally, image 
registration was used to compare expression patterns in these lines
160
. Manual examination and 
computational analysis of expression patterns revealed that some NP-GAL4s showed patterns 
reminiscent of GRN projections in the CNS (Figure 28a). However, some lines showed no 
detectable labeling of some projections and labeled neurons with cell bodies in the CNS. An 
interesting pair of candidate neurons was labeled by three NP-GAL4s (Figure 28b). These cells 
had cell bodies in the GNG and projected medially towards the esophagus. Taken together, these 
resources provide an entry point to characterizing the neuronal circuits that control early 
appetitive responses in Drosophila. 
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Figure 28: Candidate neurons for sugar preference. (a) Image registration of expression patterns of three 
different NP-GAL4s. These lines show impaired sugar preference upon blockade with UAS-Shi
ts1
. Note 
overlapping expression in projections in the gnathal ganglia, reminiscent of GRN terminals in the same region 
(white). (b) A pair of candidate sugar neurons in the brain (arrowheads) is labeled by three different NP-GAL4s 
that show impaired sugar preference upon blockade with UAS-Shi
ts1
. 
a
b
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4. Discussion 
4.1. Summary of results 
It has long been known that insects have hundreds of taste sensilla, located in taste 
organs
25
, but their specific contributions to feeding have been unclear. Here, the sweet taste 
receptor neurons of Drosophila were used as a model to understand the importance of different 
GRNs in feeding. The results presented here show that sweet GRNs in the legs, but not the 
labellum or LSO, are essential for sugar preference (Figure 9). Strikingly, additional functional 
specialization exists within the legs themselves, with different sets of GRNs (Figures 11-13) 
controlling different components of the early appetitive response. The smaller population of 
brain-projecting cells, atGRNs (Figure 14), controls feeding initiation (Figure 15). In contrast, 
the larger population of VNC-projecting cells, stGRNs, is more important for suppression of 
locomotion following encounter with food (Figures 23-25). Both of these behaviors are 
important for sugar preference and can be used to accurately predict it (Figure 26). Sugar 
preference also requires identified higher-order neurons in the brain (Figures 27b and 28b) which 
presumably receive information from sweet GRNs in the periphery. 
4.2. Sensillar position relates to gustatory receptor neuron function 
 The importance of tarsal GRNs in sugar choice fits well with the fact that legs are the 
first appendages to contact food. In line with this, bitter GRNs in the foreleg tarsi, but not in the 
labellum or pharynx, are specifically required for aversion to lobeline, a bitter chemical
91
. Taken 
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together, these findings show that control of choice behavior by leg GRNs can be generalized to 
both appetitive and aversive stimuli. 
It has been suggested that taste hairs in the legs and wings may be particularly 
advantageous to insects, as they are much smaller than their favored foods (e.g. fruits) and spend 
considerable time on them
2
. Therefore, tarsal GRNs may play an active role in short-range 
foraging, an idea supported by the experiments with freely-walking flies (Figures 9, 15a, b and 
23-25). In contrast, in larger animals like mammals, the taste system is more likely a devoted 
‘gatekeeper’ that controls the decision between ingestion and rejection. For such a function, taste 
receptor cells exclusively located in the mouth are apparently sufficient. 
 The presence of multiple taste organs may also be advantageous to insects because of 
additional GRNs with functions besides feeding. For example, taste receptor neurons in the 
wings may not be involved in feeding, as wings are less likely to contact food during walking. 
Nevertheless, bitter GRNs in the wings were recently shown to control grooming in response to 
noxious stimuli
96
. Additionally, specific tarsal GRNs are known to be involved in controlling 
courtship behavior
97
. Interestingly, these studies highlight the important relationship between 
GRN location and function. For example, some of the GRNs involved in courtship innervate 
dorsal taste hairs in the forelegs, but not the midlegs or hindlegs
39
. These dorsal taste hairs are 
unlikely to contact food during walking. However, during courtship the male ‘taps’ the female 
abdomen with the dorsal surface of its foreleg
39
. Therefore, these IR-expressing GRNs are 
optimally positioned with regards to their function. 
 Results presented here suggest that the same principle applies to atGRNs. atGRNs 
innervate a pair of distal-most ventral taste hairs just beneath the leg claws (Figure 14c, c’). 
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Therefore, they are likely to be in frequent contact with potential food during walking. Two 
recent studies show that GRNs innervating taste hairs beneath the claws have the highest sugar 
sensitivity of all leg GRNs tested
11,55
. These cells are most likely the atGRNs. Arrangement of 
GRNs that are sensitive and important for feeding initiation (Figure 15c) to the most food-
accessible location in the legs is an optimal cellular configuration. Moreover, the direct 
projection of these atGRNs to the taste center of the brain may ensure rapid and efficient feeding 
initiation. Interestingly, bees also have GRNs with high sugar sensitivity in their tarsi
161
 and 
antennae
162
, which are presumably the first organs to contact nectar. Therefore, optimization of 
sensillar position with regards to its function may be a general principle in the insect taste 
system. 
4.3. Functional dissociation in tarsal 
sweet taste receptor neurons 
 While the atGRNs are involved in 
feeding initiation, the stGRNs are 
preferentially tuned to suppression of 
locomotion upon sugar encounter (Figures 
23-25). Therefore, distinct facets of the 
early appetitive response are controlled by 
distinct tarsal sweet taste receptor neurons 
(Figure 29). Because stGRNs project 
exclusively to the VNC, they may have 
 
Figure 29: Distinct subsets of tarsal sweet taste receptor 
neurons are tuned to different facets of the early appetitive 
response. Ascending tarsal gustatory receptor neurons (dark 
gray) primarily control feeding initiation (i.e. proboscis 
extension), with a minor contribution in sugar-induced 
locomotion suppression. Segmental tarsal gustatory receptor 
neurons (light gray) control sugar-induced locomotion 
suppression, with a minor contribution to feeding initiation. 
GRN gustatory receptor neuron. 
Feeding 
initiation
(Locomotion
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better access to the local circuits that control movement of the legs, making them well-suited for 
this function. Mechanistically, having two neuronal populations that respond to sugar and control 
distinct but related behaviors facilitates coordination of these responses. 
 Despite the apparent specialization, the roles of these sensors are unlikely to be mutually 
exclusive. For example, blocking atGRNs yielded proportionately lower sugar-induced 
locomotion suppression compared to genetic controls (Figures 23h and 25b), while blocking 
Gr5a-GAL4 still showed a tendency for sugar-induced linear velocity suppression (Figure 25a), 
although none of these effects were statistically significant. These results suggest that atGRNs 
can contribute to sugar-induced locomotion suppression, albeit to a more limited extent. atGRNs 
may be able to influence locomotion directly through their VNC collaterals (Figure 13a), or 
indirectly, by controlling proboscis extension (Figure 15c). Fixing the proboscis in the extended 
position negatively regulates movement
93
, demonstrating that additional mechanisms are in play, 
to ensure that flies stay immobile while feeding. 
 On the other hand, blocking stGRNs with Gr5a-GAL4 showed a small reduction in PER 
probability when the legs were stimulated with sugar (Figure 15d). Although it was not 
significant, this reduction is consistent with a previous study, in which ablating Gr5a-GAL4 cells 
significantly reduced PER probability following stimulation of the legs
22
. Differences in the 
magnitude of this effect may be related to the differences in starvation. The stronger starvation 
used for the experiments presented here may attenuate the effect of stGRN blockage on PER. 
Conversely, blocking atGRNs did not eliminate PER, indicating that stGRNs alone can induce 
this behavior, albeit with considerably lower efficiency (Figure 15c). In line with this, 
thermogenetic activation of stGRNs is sufficient for PER induction
123
. Collectively, these 
findings suggest that a parallel pathway indirectly relays sweet taste information from stGRNs to 
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the brain. The stGRNs may exert a small influence on feeding initiation through this pathway. 
The existence of parallel pathways to the brain may be advantageous for retaining appetitive 
responses, should one of the two pathways become compromised. 
4.4. Roles of different taste organs in Drosophila 
While sweet taste receptor neurons in the legs are important for early appetitive 
responses, GRNs in the labellum and pharynx may come into play in later stages of feeding. This 
is reasonable, considering that stimulation of labellar GRNs requires extension of the proboscis 
towards a potential food, while stimulation of pharyngeal GRNs requires ingestion (or at least its 
initiation). Functional specialization of different taste organs is additionally supported by 
anatomical and physiological data:  
(1) Projections from GRNs tuned to the same quality, but located in different taste organs, are 
segregated in the CNS (Figure 2). 
(2) Sugar stimulation of different taste organs yields unique Ca
2+
 activation patterns in higher 
brain structures (MB calyx), suggesting differential representation of taste organs in the brain
124
. 
 The roles of GRNs in the labellum and pharynx are discussed below, with particular 
emphasis on feeding. More generally, the roles of different taste organs in controlling fly 
behavior are summarized in Figure 30. 
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4.4.1. Role of labellar GRNs 
As with legs, stimulation of the labellum can also cause proboscis extension
25,150
. 
However, flies typically keep their proboscises retracted
2
, limiting direct contact of the labellum 
with potential food. Therefore, the labellum is less likely to play an important role in early 
appetitive responses. In line with this, blocking all sweet GRNs of the labellum with Gr5a-GAL4 
did not cause a large impairment in sugar preference (Figures 9 and 15b). 
 Although there have been no focused attempts to characterize the role of the labellum in 
feeding behavior, it is notable that this organ is also not crucial for sugar-induced locomotion 
suppression (Figure 25), odor-sugar learning (Figure 20b), long-term preference to sugars
27
, 
 
Figure 30: Roles of taste receptor neurons in different taste organs of Drosophila. (a) Roles of different taste 
organs in the proboscis. The dorsal cibarial taste organ (DCSO) is not shown, but has not been attributed to a 
specific function yet. (b) Roles of taste hairs in the tarsi. (c) Bitter taste hairs in the wings promote grooming. 
Speculative roles are marked with a question mark. The ovipositor is not shown, but it may be involved in the 
selection of egg-laying sites. Schematic from
38
. LSO labral sense organ; VCSO ventral cibarial sense organ. 
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regulation of sugar consumption
27
 and lobeline aversion
91
. This is striking, considering that it is 
sometimes thought of as the main taste organ of Drosophila
8
. Nevertheless, its position at the 
entrance to the digestive system indicates that it may function as a ‘gatekeeper’ before ingestion. 
In accordance with this, stimulation of the legs with sugar, followed by application of a bitter 
compound on the labellum of the (extended) proboscis, leads to immediate proboscis 
retraction
123-125
. Therefore, when faced with stimuli of opposing valence, primacy of the 
labellum over the legs dictates the fly’s response. 
The Carlson lab has systematically analyzed Gr-GAL4 expression and physiological 
responses of taste hairs in the labellum
68
 and legs
11
. Two key findings from these studies point to 
a unique role for the labellum: 
(1) Most bitter GRNs in the labellum express far more bitter GRs than bitter GRNs in the 
forelegs. In the labellum, they express 15 ± 2 bitter GRs (Mean ± SEM; range 6-28) whereas in 
the forelegs, they express 8 ± 3 bitter GRs (Mean ± SEM; range 5-18). 
(2) Maximal physiological responses to bitter compounds are consistently higher in the labellum 
than the forelegs for the great majority of tested compounds. 
These results suggest that the labellum is better suited to carrying out rigorous quality control of 
potential food, in line with its ability to ‘veto’ appetitive responses induced by leg stimulation. 
To conclude, the labellum may be functionally more analogous to the mammalian tongue than 
any of the other fly taste organs. 
4.4.2. Role of pharyngeal GRNs 
 Sweet taste receptor neurons in the LSO and VCSO were recently shown to be required 
for sugar preference in a long-term (2 hour) assay
27
. In this assay, flies are allowed to ingest 
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agarose with or without food, differentially labeled with dyes. Preference is scored by counting 
flies whose abdomens are differentially colored by the dyes. Interestingly, eliminating all GRNs 
in the legs and labellum with a poxn mutant had a minor effect on this ingestion-based 
preference. This result shows that, if flies are allowed to remain on food for a long period, 
feeding can be initiated spontaneously, without any input from peripheral GRNs. However, for 
immediate appetitive responses (i.e. 1 min or less), sweet GRNs in the LSO appear to be 
dispensable (Figures 9, 10c, c’ and 16). The authors of the study also show that blocking the 
sweet GRNs in the LSO/VCSO reduces sugar consumption. Therefore, they conclude that these 
pharyngeal cells regulate ingestion, an interpretation consistent with the location of the 
pharyngeal organs. 
 The role of bitter GRNs in the pharynx is less intuitive. Logically, it would be safer and 
more economical to reject potentially harmful stimuli before initiation of ingestion. However, 
rejection of electrophiles (aversive chemicals that include allyl isothiocyanate, a pungent 
chemical in wasabi) depends on bitter GRNs in the LSO and is mediated by dTrpA1, an ion 
channel that also plays a role in heat perception
81
. The same study also revealed that ingestion of 
these chemicals is necessary for the aversive response: mixtures of sugar and aversive 
electrophiles elicit PER when the tarsi are stimulated, but if the flies are allowed to ingest the 
mixture, they suppress PER in subsequent trials. It is unclear why the presence of such 
specialized GRNs exclusively in the LSO is advantageous. Nevertheless, it seems tempting to 
speculate that these specialized cells drive fluid expulsion in response to certain aversive stimuli, 
thus terminating feeding without allowing complete ingestion. 
Bitter GRNs in the VCSO and DCSO are further along the pharynx. Both are located near 
the cibarial pump, which draws food from the environment and propels it through the esophagus. 
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Therefore, they may interact with nearby motor neurons that coordinate the muscles controlling 
this pump
105
. In line with this, these motor neurons respond to tastants, including caffeine, a 
bitter compound. It is therefore plausible that detection of bitters in the VCSO/DCSO could 
reverse the motor program of the cibarial pump, switching ingestion to expulsion as soon as an 
aversive tastant is detected. 
 While bitter substances are undesirable in food, they may be advantageous under other 
circumstances. The Heberlein lab and others have shown that female flies prefer to lay their eggs 
on lobeline, a bitter chemical, despite the fact that it is aversive to them
91
. This egg-laying 
preference is controlled by bitter GRNs in the VCSO. Strikingly, the ovipositor has not yet been 
implicated in selection of the site for egg laying, despite long-standing speculation that this is its 
role
6
. Control of egg-laying preference by pharyngeal GRNs may seem counter-intuitive, but 
females appear to actively search for egg-laying sites
95
. This search behavior includes proboscis 
extension. It seems reasonable to assume that limited ingestion also occurs during this search 
behavior, which could explain the involvement of pharyngeal GRNs. 
4.5. Higher order neurons for sugar preference 
Some of the NP-GAL4s isolated in the silencing screen have off-target expression in 
GRNs (Figure 28a). Gr64f-LexA and LexAop-GAL80 should therefore be used to refine 
expression. NP-GAL4s that continue to show impaired sugar preference upon blockade will most 
likely contain interneurons crucial for sugar choice. Because sugar preference integrates multiple 
appetitive responses (Figure 26), interneurons should be further characterized using strategies 
that were successfully applied for GRNs. 
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To explore interactions of GRNs and higher-order taste neurons, two-color labeling or 
GFP reconstitution across synaptic partners (GRASP) are often used to highlight contacts. 
However, most such experiments use Gr5a lines to label the sweet GRNs
93,100-103,106
. Therefore, 
contacts with atGRNs are typically overlooked. Given the role of atGRNs in feeding initiation, it 
will be important to examine their interactions with higher-order brain neurons. Future studies 
using the GAL4 resources, intersectional strategies and computer algorithms established here 
should provide deeper mechanistic understanding about how processing in the CNS controls 
preference in Drosophila. 
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